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This report documents the algorithm for predicting the safety performance of rura two-lane
highways that forms the basis for the Crash Prediction Module of the Interactive Highway Safety
Desgn Modd. The dgorithm estimates the effect on safety performance of roadway segment
parameters including lane width, shoulder width, shoulder type, horizontd curves, grades,
driveway dengty, two-way left-turn lanes, passing lanes, and roadside design, and of intersection
parameters including skew angle, traffic control, exclusive left- and right-turn lanes, Sght distance,
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existing or proposed highways and to compare the expected safety performance of geometric
design dternatives.
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1. INTRODUCTION

One of the mogt criticd gaps in the management of highway safety isthe lack of ardigble
method for estimating the safety performance of an existing or planned roadway. Accident
record systems have been devel oped and maintained by highway agencies to monitor the safety
performance of their roadways, but these provide historical or retrospective data. Effective
management requires a prospective viewpoint. Highway engineers need to know not what the
safety performance of aroadway was in the recent or distant past, but what it is now and what it
islikely to be in the future if particular proposed actions are taken.

In the past, when current or future safety performance estimates for aroadway were
needed, they have been devel oped by one of four approaches. averages from historica accident
data, predictions from gtatistica models based on regresson andyss, results of before-after
studies, and expert judgments made by experienced engineers. Each of these methods, used
aone, has sgnificant weaknesses which are described below. A new gpproach combining
elements of each of these methods into an accident prediction agorithm is then described. This
new accident prediction agorithm, developed specificdly for gpplication to rurd two-lane
highways, is the subject of this report.

Estimates from Historical Accident Data

Historical accident data are an important indicator of the safety performance of aroadway,
but they suffer from the weekness of being highly variable. Given this high varigbility, it is difficult
to estimate the long-term expected accident rate using a relatively short-duration sample of 1to 3
years of accident data. Thisis especialy true for rurd roadway sections and intersections where
accidents are very rare events and many locations experience no accidents, or at most one
accident, over aperiod of several years. If alocation has experienced no accidents in the past
severd years, it is certainly not correct to think that it will never experience an accident, yet the
avalable datafor that Ste done provide an insufficient basis for estimating its long-term expected
safety performance.

Roadway improvement programs based on safety are often managed with accident
surveillance systems that use accident records to identify high-accident locations. A
high-accident location is a roadway section or intersection identified because it experienced more
than a specified threshold number of accidents during a recent period (typicaly 1 to 3 years).
Each high-accident location is investigated by the engineering staff of the respongible highway
agency and, at locations where a particular accident patternis clearly evident and an appropriate
countermeasure is feasible, an improvement project may be programmed and constructed. The
decisonmaking concerning such projects often involves a benefit-cost or cost-effectiveness
caculation based on the expected percentage reduction in accidents from the level of recent
accident experience found by the accident surveillance program. However, both statistical theory
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and actud experience show that, because of the random nature of accidents, locations with high
short-term accident experience are likely to experience fewer accidents in the future even if no
improvement ismade. This phenomenon, known as regression to the mean, mekes it difficult
both to identify potentid problem locations through accident surveillance and estimate the
potentia (or actud) effectiveness of improvements made at such locations.

Estimates from Statistical Models

Safety analysts have, for many years, applied satistical techniques to develop modelsto
predict the accident experience of roadways and intersections. Such models are developed by
obtaining a database of accident and roadway characterigtics (e.g., traffic volumes, geometric
design features, and traffic control features) data from highway agency records, selecting an
gppropriate functiond form for the model, and using regression andysis to estimate the vaues of
the coefficients or parametersin that modd. Higtoricaly, most such models were developed with
multiple regresson andyss. Recently, researchers have begun to use Poisson and negetive
binomia regression anayses which are theoreticaly better suited to accident data based on small
counts (i.e., zero or nearly zero accidents at many stes). However, regardless of the Satistical
technique used, accident prediction modds never quite seem to meet the expectations of their
developers and potentia users.

Regresson models are very accurate tools for predicting the expected total accident
experience for alocation or aclass of locations, but they have not proved satisfactory in isolating
the effects of individua geometric or traffic control features. There is a strong temptation to
interpret each coefficient in aregresson mode as representing the true effect of an incrementad
change in its associated roadway feature. Thisis areasonable assumption is some cases, but not
in others. A key drawback of regresson modelsisthat they are based on Satistica corrdations
between roadway characteristics and accidents that do not necessarily represent cause-and-
effect rdationships. Furthermore, if the independent variables in the mode are strongly
corrdlated to one another, it is difficult to separate their individud effects. In addition, if a
variablein the modd is strongly correated to an important variable that happens not to be
included in the available data base, the coefficient of the varigble in the mode may represent the
effect of the unavailable variable rather than its own effect. Thus, the value of the coefficient of a
particular geometric feature may be a good estimate of the actud effect of that festure on sefety,
or it may be merdy an artifact of, or a surrogate for, its correlation to other variables.

As an example, congder the following negetive binomid regresson mode developed in a
recent FHWA study to predict the accident experience at urban, four-leg intersections with
STOP control on the minor road:®



Y T 5073 (X )0835 (X )02 exp(&0.969 X,) exp(&0.518 X,)

(Xg)*%" exp(0.340 X,) exp(0.087 X,) exp(&0.331 Xg) 1)
exp(&0.175 X,)

Y = expected number of total multiple-vehicle accidents in a 3-year period;

X, = averagedaly traffic on mgor road (vehvday);

X,= averagedaily traffic on minor road (vehvday);

X3= 1if left-turn are prohibited on one or more major-road approaches; 0 otherwise,

X,= 1if noaccess contral is present dong the major road approaches; 0 otherwise,

Xs= averagelane width on major road (ft)’;

Xs= 1if mgor road hasthree or fewer through lanesin both directions of travel
combined; O otherwise;

X; = 1if mgor road has four or five through lanesin both directions of travel combined;
0 otherwise;

Xg= 1if thereisno channdization for free right turns; O otherwise; and

Xo= 1if theintersection has no lighting; O otherwise.

Thismodd, overdl, provides quite reliable predictions of the total accident experience of urban,
four-leg, STOP-controlled intersections. 1n addition, the coefficients of many of the terms
appear to reasonably represent the expected effects of their associated variables. However, two
of the variables in the modd have coefficients that are in a direction opposite to that which safety
engineers normally presume for those varigbles. Specifically, the negative coefficient of the
access control factor (X,) implies that more accidents would be expected a an intersection with
access-controlled approaches than at an intersection without access-controlled approaches.
Furthermore, the negative coefficient of the lighting factor (X,), implies that lighted intersections
have more accidents than unlighted intersections.  Such interpretations are unreasonable. The
negative signs for the access control and lighting variables in equation (1) could result merely from
correlations of access control and lighting with the variables aready accounted for in the modd,
such astraffic volumes, or with other important varigbles that are not included in the model
becauise no data for those variables are available. It isaso possible that lighting has been
ingalled as an accident countermeasure at high-accident locations, so that lighting appears to be
associated with locations that have more accidents. Thus, while regression equations may
provide useful predictive modds, their coefficients may be unreliable indicators of the incrementa
effects of individua roadway features on safety.

" Average lane width in this equation is specified in conventiona units of measure (feet).
See the explanation in the section entitled Units of Measure on page 5 of this report.
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Estimates from Before-and-After Studies

Before-and-after studies have been used for many years to evauate the effectiveness of
highway improvements in reducing accidents. However, most before-and-after studies reported
in the literature have design flaws such that the study design cannot account for the effects of
regresson to the mean. Therefore, the potential user of the before-and-after study results cannot
be certain whether they represent the true effectiveness of the potentia improvement in reducing
accidents or an overoptimistic forecast that is biased by regression to the mean.

Safety experts are generdly of the opinion that, if the potential bias caused by regresson to
the mean can be overcome, a before-and-after study may provide the best method to quantify
the safety effects of roadway geometric and traffic control features. Hauer® has developed a
new gpproach that remedies the problem of regression to the mean that has, in the past, caused
before-and-after studies to provide unrdiable results. However, very few of these well-designed
before-and-after studies have been conducted.

Estimates from Expert Judgment

Expert judgment, developed from many years of experience in the highway sdfety field, can
have an important role in making rdliable safety esimates. Experts may have difficulty in making
quantitative estimates with no point of reference, but experts are usualy very good a making
comparative judgments (e.g., A islikely to belessthan B, or Cislikely to be about 10 percent
larger than D). Thus, experts need aframe of reference based on historical accident data,
datistica models, or before-and-after study results to make useful judgments.

A New Approach

This report presents a new approach to accident prediction that combines the use of
historical accident data, regression analysis, before-and-after studies, and expert judgment to
make safety predictions that are better than those that could be made by any of these three
approaches done. The recommended gpproach to accident prediction has its basisin published
sdfety literature, including both before-and-after eva uations and regresson models, is sendtive to
the geometric features that are of greatest interest to highway designers, and incorporates
judgments made by a broadly based group of safety experts.

This report shows how this new approach can be implemented in an accident prediction
agorithm for rurd two-lane highways. This same approach can potentially be adapted in the
future to rura multilane highways, urban arterid dreets, and rurd or urban freeways.



The Federd Highway Adminigtration (FHWA) is currently developing an Interactive
Highway Safety Design Modd (IHSDM ) for use by highway designers to incorporate more
explicit condderation of safety into the highway design process. IHSDM will consst of a set of
computer tools that can work interactively with the Computer-Aided Design (CAD) systems
used by many agencies to design highway improvements. The components of the IHSDM will
include a Crash Prediction Module (CPM), Roadside Safety Module (RSM), Intersection
Diagnogtic Review Module (DRM), Design Consistency Module (DCM), Policy Review
Module (PRM), Driver/Vehicle Module (D/VM), and Traffic Anayss Module (TAM). Initid
priority in IHSDM development is being given to evauation of rura two-lane highways.

The accident prediction algorithm presented in this report has been developed for
incorporation in the IHSDM as the CPM for rurd two-lane highways, but is dso suitable for use
as astand-alone mode to predict the safety performance of rurd two-lane highways. This report
documents how the accident prediction agorithm was developed and how it will function within
the IHSDM.

Organization of this Report

The remainder of this report is organized asfollows. Section 2 presents an overview of the
accident prediction dgorithm and its two primary components, base modd s and accident
modification factors. A more detailed description of the base modes and accident modification
factorsis presented in sections 3 and 4, respectively. Section 5 presents the results of sengtivity
andyses conducted with the accident prediction agorithm, and section 6 explains how the
accident prediction agorithm will be implemented within the IHSDM. The condusonsand
recommendations of the report are presented in section 7 and alist of referencesis presented in
section 8.

Appendix A identifies the members of the expert pands that developed the accident
modification factors. Appendix B documents the development of the base models. Appendix C
presents a cdibration procedure that can be used by any highway agency to adapt the accident
prediction agorithm to their own loca conditions and to the safety performance of their
highways. Appendix D documents the definitions of the roadsde hazard ratings used in the
accident prediction agorithm to represent roadside design features.

Units of Measure

Thetext of this report presents dl measured quantitiesin Sl (metric) units with equivadent
quantitiesin conventiond (English) units following in parentheses. However, virtudly dl of the
research on which the report is based was conducted using conventiona units of measure.
Therefore, dl equations in the report, like equation (1) above, use conventiona units. A metric
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conversion chart isincluded for the convenience of readers. The software developed to
implement the accident prediction agorithm will alow usersto provide input and obtain output at
their option in either S or conventiond units.



2. OVERVIEW OF THE ACCIDENT PREDICTION ALGORITHM

This section of the report presents an overview of the accident prediction agorithm for rura
two-lane highways. Separate accident prediction agorithms have been developed for roadway
segments and for three types of at-grade intersections. These separate algorithms can be used
together to predict the total accident experience for an entire highway section or improvement
project.

In the development of these dgorithms, it was decided the roadway segment accident
prediction agorithm would predict dl non-intersection-related accidents for each of the
segments that make up a highway project. Non-intersection-related accidents include accidents
that occur near an intersection but are not related to the intersections. For example, aran-off-
road accident or a head-on collison that occurs within 15 m (50 ft) of an intersection, but it
consdered by the investigating officer to be unrdated to the intersection, would be classfied asa
non-intersection-related accident. The intersection accident prediction agorithms predict the
additional intersection-related accidents that occur at or rear the intersection and occur because
of the presence of the intersection. For modding purposes, only accidents that occurred within
76 m (250 ft) of the intersection and occurred because of the presence of the intersection were
consdered to be intersection- related accidents The total predicted accident frequency for
any highway project is the sum of the predicted frequency of non-intersection-related accidents
for each of the roadway segments and the predicted frequency of intersection-related accidents
for each of the at-grade intersections that make up the project.

The accident prediction agorithms for roadway segments and at-grade intersections are
each composed of two components. base models and accident modification factors. These
components and the manner in which they are combined are described below.

Accident Prediction Algorithm for Roadway Segments

The base model for roadway segmentsis the best available regresson modd for predicting
the total accident frequency of aroadway segment on arurd two-lane highway. The base
model, like al regresson models, predicts the vaue of a dependent variable as a function of a set
of independent variables. For the roadway segment modd, the dependent variable isthe tota
expected accident frequency on the roadway segment during a pecified time period. The
Independent variables used to predict accident frequency are descriptors of the traffic volumes,
geometric design features, and traffic control features of the roadway segment. The specific
regresson model to be used as the base model for rural two-lane roadway segments is presented
in section 3 of thisreport.

As discussed in the introduction to this report, regresson modes like the base modd are
useful in predicting overdl accident frequency, but their coefficients cannot necessarily be relied
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upon to represent the incrementd effects of individua geometric design and traffic control
features. Therefore, the base modd will be used only to estimate the expected accident
frequency for a specified set of nomina base conditions, such as 3.6-m (12-ft) lane widths and
1.8-m (6-ft) shoulder widths. This base estimate of accident frequency will then be adjusted with
accident modification factors (AMFS) that represent the safety effects of individua geometric
design and traffic dements. The generd formulation of the agorithm predicting roadway segment
accident frequency and combining the base models and AMFs is shown below:

Nrs . Nbr (AMFlr AMFZr @@@ AIv”:nr) (2)
where:
N, = predicted number of total roadway segment accidents per year after
gpplication of accident modification factors,
N, = predicted number of total roadway segment accidents per year for
nomina or base conditions; and
AMF, IAMF_ = accident modification factors for roadway segments.

The AMFs are multiplicative factors used to adjust the base accident frequency for the effect of
individual geometric design and traffic control features. Each AMF isformulated so that the
nominal or base condition is represented by an AMF of 1.00. Conditions associated with higher
accident experience than the nomina or base condition will have AMFs greater than 1.00 and
conditions associated with lower accident experience than the nomina or base condition will have
AMFslessthan 1.00. For example, if the accident frequency predicted by the base model for
roadway segments (N,,) is based on 3.6-m (12-ft) lanes, but a particular roadway section of
interest has 3.3-m (11-ft) lanes, the AMF for lane width might have avaue of 1.15. ThisAMF
implies that atwo-lane roadway segment with 3.3-m (11-ft) lanes would be expected to
experience 15 percent more accidents than a comparable roadway section with 3.6-m (12-t)
lanes.

The effect of average dally traffic (ADT) volume on predicted accident frequency is
incorporated through the base models, while the effects of geometric design and traffic control
features are incorporated through the AMFs.

The formulation shown in equation (2) dlows the AMF for each geometric design and traffic
control eement to be based soldy on the most reliable information concerning the safety effects
of that particular dement. The best method for considering the safety effects of lane width can be
sected as the basis for the AMF without being congtrained by the trestment of lane width in the
base mode or by the formulation of any other AMF. Thus, each AMF in the accident prediction



algorithm can be based on the best and most applicable research available, as selected and
interpreted by knowledgeable experts. In fact, two panels of experts, identified in gppendix A,
were formed to establish the AMFs presented in this report. Section 4 of the report presents the
AMFs used in predicting roadway segment accidents and documents their development.

Accident Prediction Algorithm for At-Grade Intersections
The gtructure of the accident prediction dgorithm for at-grade intersections is smilar to the

algorithm for roadway sections presented above. The predicted frequency of accidents that
occur a or are related to an at-grade intersection is determined as.

N« = N, (AMF; AMF,, {ii AMF,) ©)

where: Nint = predicted number of tota intersection-related accidents
per year after application of accident modification factors;

Ny = predicted number of tota intersection-related accidents

per year for nomina or base conditions, and
AMF,, iii, AMF,, = accident modification factors for intersections.

Separate base modes have been formulated for three-leg intersections with STOP control, four-
leg intersections with STOP control, and four-leg sgndized intersections. The AMFs used in the
accident prediction agorithm for these three intersection types d <o differ, but the dgorithms for
all three intersection types are structured as shown in equation (3). The base models for a-grade
intersections are presented in section 3 of this report, and the AMFs for at-grade intersections
are presented in section 4.

The effect of traffic volume on predicted accident frequency for at-grade intersectionsis
incorporated through the base models, while the effect of geometric and traffic control features
are incorporated through the AMFs. Each of the base mode s for at-grade intersections
incorporates separate effects for the ADTs on the mgor- and minor-road legs, respectively.

Predicted Accident Frequency for an Entire Project
The accident prediction agorithm will be gpplied in IHSDM to estimate the safety
performance of entire proposed projects or extended highway sections. The total predicted

accident frequency for an entire project or an extended highway section can be determined as.
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segments intersections

where: N, = predicted accident frequency for an entire project or an
extended highway section.

Estimated Accident Severity and Accident Type Distributions

In addition to predictions of accident frequency based on equations (2) and (3), the accident
prediction dgorithm will aso provide estimates of the accident severity and accident type
distributions for roadway segments and at-grade intersections. Tables 1 and 2 present default
estimates of the accident severity and accident type distributions, respectively, that are used in the
accident prediction agorithm. The default accident severity and accident type distributionsin
tables 1 and 2 are based on data from the FHWA Highway Safety Information System (HSIS)
for lllinois, Michigan, Minnesota, and North Carolina. These default distributions for accident
severity and accident type can be replaced with data suitable for the rurd two-lane highway
system of a particular highway agency as part of the cdibration process described in section 3
and gppendix D of thisreport. Use of distributions gpplicable to a specific State or geographic
region is particularly appropriate because some percentages in the tables, such as the percentage
of animal-related accidents on roadway segmentsin table 2, clearly vary geographicaly.

Strengths and Weaknesses of this Approach

The strengths of the accident prediction dgorithms formulated as shown in equations (2) and
(3) areasfallows.

*  Theaccident prediction agorithms make quantitative estimates of accident frequency.

*  The base modds serve as scde factors to assure that the magnitude of the predicted
accident frequency is appropriate, while the AMFs assure that the predicted accident
frequency is sengtive to Ste-gpecific geometric design and traffic control features.

*  Theuse of AMFsthat are separate from the base models assures that the effects of
individua geometric design and traffic control features are not dependent on
ingppropriate regression coefficients that are too large, too smdll, or in the wrong
direction. Each AMF has been developed by a pand of experts to represent the
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Table 1. Default Distribution for Accident Severity Level on Rural Two-Lane

Highways.
Percentage of total accidents
Three-leg STOP- Four-leg Four-leg
Roadway controlled STOP-controlled  signalized
Accident severity level segments®  intersections® intersections” intersections®
Fatal 1.3 11 1.9 0.4
Incapacitating Injury 5.4 5.0 6.3 4.1
Nonincapacitating injury 10.9 15.2 12.8 12.0
Possible injury 14.5 18.5 20.7 21.2
Total fatal plus injury 32.1 39.8 41.7 37.7
Property damage only 67.9 60.2 58.3 62.3
TOTAL 100.0 100.0 100.0 100.0

& Based on HSIS data for lllinois (1992), Michigan (1995), Minnesota (1996), and North Carolina
(1995).
b Based on HSIS data for Michigan (1995) and Minnesota (1996).
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Table2. Default Distribution for Accident Type and Manner of Collision on

Rural Two-L ane Highways.

Percentage of total accidents

Three-leg Four-leg STOP- Four-leg

Accident type and Roadway  STOP-controlled controlled signalized

manner of collision segments? intersections” intersections® intersections”®
SINGLE-VEHICLE ACCIDENTS
Collision with animal 30.9 21 0.6 0.3
Collision with bicycle 0.3 0.7 0.3 1.0
Collision with parked vehicle 0.7 0.1 0.1 0.1
Collision with pedestrian 0.5 0.4 0.2 13
Overturned 23 21 0.6 0.4
Ran off road 28.1 10.4 45 19
Other single-vehicle accident 3.6 3.9 14 1.6
Total single-vehicle accidents 66.3 19.7 7.7 6.6
MULTIPLE-VEHICLE ACCIDENTS
Angle collision 3.9 29.8 514 28.5
Head-on collision 1.9 20 14 1.8
Left-turn collision 4.2 6.4 59 9.0
Right-turn collision 0.6 04 0.2 04
Rear-end collision 13.9 26.2 17.2 36.2
fci)clilziassi\év:]pe opposite-direction 24 29 17 20
f(i)?lciessi\évri]pe same-direction 26 45 44 55
Other multiple-vehicle collision 4.1 8.1 10.1 10.0
Total multiple-vehicle accidents 33.7 80.3 92.3 93.4
TOTAL ACCIDENTS 100.0 100.0 100.0 100.0

& Based on HSIS data for lllinois (1992), Michigan (1995), Minnesota (1996), and North Carolina

(1995).

b Based on HSIS data for Michigan (1995) and Minnesota (1996).
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best information currently available on the safety effects of thet particular geometric
design or traffic control feature.

Equations (2) and (3) give the accident prediction dgorithm amodular structure.
Individual base models or AMFs can be easily replaced as better information becomes
avalable.

The potential weaknesses of the structure for the accident prediction a gorithms based on
equations (2) and (3) are asfollows:

Accident frequencies are known to vary from agency to agency, even between roads
that are nominaly similar, because of differences in factors such as accident reporting
thresholds, accident reporting practices, anima populations, driver population, and
climate. However, such variations are not reflected in the base models that were each
devel oped with data for only one or two States. For this reason, a cdibration
procedure has been provided in this report to alow highway agencies to adapt the
accident prediction agorithm to their own loca safety conditions. This cdibration
procedure involves the estimation of caibration factors appropriate for a particular
highway agency that can be incorporated directly in equations (2) and (3).

The accident prediction algorithm, as formulated in equations (2) and (3), is based on
data for many locations and on expert judgment, but does not take advantage of
knowledge of the actua accident history of the location being evauated. Actud
accident history data should be available for many exigting locations evauated with the
accident prediction algorithm. For this reason, a procedure based on the Empirical
Bayes (EB) approach is provided in this report to combine the results of the accident
prediction agorithm with actua Ste-specific accident history data

The use of separate AMFsfor each geometric design and traffic control €lement treets
the safety effects of these individua €ements as independent and ignores potentid
interactions between them. It islikely that such interactions exist and, idedlly, they
should be accounted for in the accident prediction agorithm. However, such
interactions are poorly understood and none could be quantified by the expert panels
that participated in this research. It isthe assessment of the expert panelsthat the
AMFs presented in this report represent the current state of knowledge about the
safety effects of geometric design and traffic control dements and cannot be improved
without further research. If future research leads to a better understanding of
interactions between the safety effects of various geometric features, those research
results can then be incorporated in the accident prediction agorithm.
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Structure of the Accident Prediction Algorithm

The gtructure of the accident prediction agorithm, including base models, accident
modification factors, cdibration factors, and EB procedureisillustrated in figure 1. The flow
diagram in figure 1 addresses the gpplication of the accident prediction dgorithm to asingle
roadway segment or at-grade intersection. Section 6 of the report illustrates the application of
the dgorithm to a project made up of numerous roadway segments and intersections.
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Figure1l. Flow Diagram of the Accident Prediction Algorithm
for a Single Roadway Segment or Intersection.
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3. BASEMODELS

This section of the report presents the base models used as part of the accident prediction
algorithm. The base models for roadway segments and at-grade intersection are addressed
separatdy in the following discusson. The base models were devel oped in separate studies by
Vogt and Bared.®*® The development of the base model's and the choices made anong
aternative models that were considered are presented in appendix B.

Base Model for Roadway Segments

The base modd for roadway segments is presented bel ow:

N, ° EXPO exp(0.6409 % 0.1388STATE & 0.0846LW & 0.0591SW % 0.0668RHR % 0.0084DD)

(OWH, e(0.0450DEG)) (OMV, e (04652V))) (ONG, exp(0.1048GR)) ®)

br

where N, = predicted number of total accidents per year on a particular roadway
segment;

EXPO = exposurein million vehicle-miles of travel per year = (ADT)(365)(L)(10°);
ADT = averagedally traffic volume (vehvday) on roadway segment;

L = length of roadway segment (mi);

STATE location of roadway segment (O in Minnesota, 1 in Washington);
LW = lanewidth (ft); average lane width if the two directions of trave differ;

SW = shoulder width (ft); average shoulder width if the two directions of travel
differ;

RHR roadside hazard reting; this measure takes integer values from 1 to 7 and
represents the average level of hazard in the roadside environment aong the
roadway segment. (For definitions of the roadside hazard rating categories,
see gppendix D; for the development of the roadside hazard ratings, see

Zegeer.®);

DD = driveway densty (driveways per mi) on the roadway segment;
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WH, = weight factor for thei™ horizonta curve in the roadway segment; the
proportion of the total roadway segment length represented by the portion of
the i horizonta curve that lies within the segment. (The weights, WH;, must
sumto 1.0.);

DEG = degreeof curvature for the i horizonta curve in the roadway segment
(degrees per 100 ft);

WV, = weight factor for the" crest vertical curvein the roadway segment; the
proportion of the total roadway segment length represented by the portion of
the ™ crest vertica curve that lies within the ssgment. (The weights, WV,
must sum to 1.0.);

V, = crestvertica curve grade rate for the j™ crest vertical curve within the
roadway segment in percent change in grade per 31 m (100 ft) = |g,-g,//l;;

roacdway grades at the beginning and end of the j™ vertical curve (percent);

«

©

N
I

| = lengthof thej™ vertical curve (in hundreds of fegt);

WG, = weght factor for the k™ straight grade segment; the proportion of the total
roacway segment length represented by the portion of the k™ straight grade
segment that lies within the ssgment. (The weights, WG,, must sumto 1.0.);
and

GR, absolute value of grade for the k™ straight grade on the segment (percent).

Thismode was developed with negative binomid regresson andysis for data from 619 rura
two-lane highway segments in Minnesota and 712 roadway segments in Washington obtained
from the FHWA HSIS. These roadway segments including gpproximately 1,130 km (700 mi) of
two-lane roadways in Minnesota and 850 km (530 mi) of roadwaysin Washington. The
database available for modd development included 5 years of accident data (1985-1989) for
each roadway segment in Minnesota and 3 years of accident data (1993-1995) for each
roadway segment in Washington. The model predicts the total non-intersection accident
frequency for any roadway segment for which the independent variables shown in equation (5)
areknown. The modd predictions are reliable only within the ranges of independent varidbles
for which data were available in the database used to develop the modd (seetable 30in

appendix B).

When the accident prediction moded is employed to predict the expected accident
experience for any specified roadway section, equation (5) is used in the following manner:
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The exposure varigble (EXPO) in million vehicle-miles of trave is computed using the
actual ADT and segment length (L) for the roadway section and a duration of 1 year
(365 days). This assures the accident frequency predicted by the base model has units
of accidents per year.

The STATE varigble in base modd is set equal to zero, representing Minnesota
conditions. Thisisdone for consstency with the base models for three- and four-leg
STOP-controlled intersections, both of which are based solely on Minnesota data. It
should be noted that the calibration procedure described later in this chapter can be
used to adapt the base models to the safety conditions of any State other than
Minnesota. Cdlibration would even be desirable to gpply the dgorithm in Minnesota to
atime period other than the period for which the base models were devel oped.

The remaining variables in the modd are set to the following nomind or base conditions:

Lane width (LW) 3.6 m (12 ft)

Shoulder width (SW) 1.8 m (6 ft)

Roadsde hazard rating (RHR) 3

Driveway dendty (DD) 3 driveways per km
(5 driveways per mi)

Horizontd curvature None

Vertica curvature None

Grade Leve (O percent)

With the default vaues given above, the base modd in equation (5) reduces to:

N, " (ADT) (L) (365) (10%°) exp(&0.4865) (6)

Base Models for At-Grade Intersections

Base models have been developed for three types of at-grade intersections on rura two-
lane highways. Thee are

Three-leg intersections with STOP control on the minor-road approach.
Four-leg intersections with STOP control on the minor-road approach.

Four-leg sgndized intersections.

The base modd s for each of these intersection types predict total accident frequency per year for
intersection-related accidents within 76 m (250 ft) of a particular intersection.
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These models address intersections that have only two lanes on both the maor- and minor-

road legs. Intersections on multilane highways or intersections between a two-lane highway and
amultilane highway may be addressed in a future improvement to the accident prediction
agorithm. The base mode s for each of the three intersection types are presented below.

Three-Leg STOP-Controlled Intersections

The base mode for three-leg intersections with STOP control on the minor-road leg is
presented below:

Ny * exp(&11.28 % 0.79In ADT, % 0.49In ADT, % 0.19RHRI % 0.28RT) (7

where: ADT, = averagedaly traffic volume (veh/day) on the maor road,
ADT, = averagedaly traffic volume (veh/day) on the minor road;
RHRI = roadsde hazard rating within 76 m (250 ft) of the intersection on the
major road [see description of the variable RHR in equation (5)];
and
RT = presence of right-turn lane on the mgor road (O = no right-turn lane

present; 1 = right-turn lane present).

Thismoded was developed with negative binomind regresson analys's from data for 382
three-leg STOP-controlled intersectionsin Minnesota. The data base available for mode
development included 5 years of accident data (1985-1989) for each intersection. The model
predicts the total intersection-related accident frequency for any three-leg STOP-controlled
intersection for which the independent variables shown in equation (7) are known. The modd
predictions are reliable only within the ranges of independent variables for which data were
avallable in the data base used to develop the modd (see table 31 in gppendix B).

When the accident prediction model is employed to predict the expected accident frequency
for any specified three-leg STOP-controlled intersection on atwo-lane highway, equation (7) is
used in the following manner:

»  Thetraffic volumevariables (ADT; and ADT,) are st equal to the actud ADTs of the
magor- and minor-road legs. If the ADTsdiffer between the two magor-road legs, they
should be averaged.

*  Theremaning variablesin the modd should be sat equd to the following nomind or
base conditions:
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Roadside hazard rating (RHRI) 2
Presence of right-turn lane None present (0)
on the mgjor road (RT)

With the default values of given above, the base mode in equation (7) reduces to:

N, " exp(&10.9 % 0.79In ADT, % 0.49In ADT,) (8)

Four-Leg STOP-Controlled Intersections

The base modd for four-leg intersections with STOP control is presented below:

N, ° exp(&9.34%0.60In ADT, % 0.61In ADT, % 0.13 ND, & 0.0054SKEW,) (9)

where:
ND, = number of driveways on the mgor-road legs within 76 m (250 ft) of the
intersection; and
SKEW, = intersection angle (degrees) expressed as one-hdf of the angle to the right

minus one-hdf of the angle to the left for the angles between the mgor-road
leg in the direction of increasing stations and the right and left legs,

repectively.

Thismode was devel oped with negative binomina regression from data for 324 four-leg
STOP-controlled intersections in Minnesota. The database available for mode development
included 5 years of accident data (1985-1989) for each intersection. The model predicts the
total intersection-related accident frequency for any four-leg STOP-controlled intersection for
which the independent variables shown in equation (9) are known. The modd predictions are
religble only within the ranges of independent variables for which deta were avallable in the
database used to develop the model (see table 38 in appendix B).

When the accident prediction model is employed to predict the expected accident frequency
for any specified four-leg STOP-controlled intersection on a two-lane highway, equation (9) is
used in the following manner:

»  Thetraffic volumevariables (ADT; and ADT,) are st equal to the actud ADTs of the

magor- and minor-road legs, respectively. If the ADTs differ between either the two
mgor- or minor-road legs, they should be averaged.
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*  Theremaning variablesin the modd should be sat equd to the following nomind or

base conditions:
Number of driveways within No driveways
76 m (250 ft) of the intersection
on the mgjor road (ND,)
Intersection skew angle (SKEW ) O degrees

With the default values of ND, and SKEW , given above, the base modd in equation (9)
reduces to:

N, " exp(&9.34 % 0.60In ADT, % 0.61In ADT,) (10)

Four-Leg Signalized Intersections

The base model for four-leg sgnalized intersectionsis presented below:

N, * ep(&5.46 % 0.60In ADT, % 0.20in ADT, & 040PROTLT & 0.018PCTLEFT,
% 0.11VEICOM % 0.026PTRUCK % 0.04LND,) (1)

where:

PROTLT = presence of protected |eft-turn signal phase on one or more magor-road
approaches; = 1 if present; = 0 if not present

PCTLEFT, = percentage of minor-road traffic that turnsleft at the sgnd during the
morning and evening hours combined

VEICOM = graderatefor dl vertica curves (crests and sags) within 76 m (250 ft) of
the intersection adong the mgor and minor roads

PTRUCK = percentage of trucks (vehicles with more than four wheels) entering the
intersection for the morning and evening peak hours combined

ND, = number of drivewayswithin 76 m (250 ft) of the intersection on the mgjor

road.

This modd was developed with negative binomina regresson from data for 49 four-leg
sgndized intersections, 18 in Cdiforniaand 31 in Michigan. The data base available for moddl
development included three years of accident data (1993-1995) for each intersection. The
model predicts tota intersection-related accident frequency for any four-leg sgndized
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intersection for which the independent variables shown in equation (11) are known. The model
predictions are reliable only within the ranges of independent variables for which data were
available in the data base used to develop the model (see table 44 in appendix B).

When the accident prediction mode is employed to predict the expected accident frequency
for any specified four-leg intersection on atwo-lane highway, equation (11) isused in the
following manner:

*  Thetraffic volumevariables (ADT, and ADT,) are st equa to the actud ADTs of the
magor- and minor-road legs, respectively. If the ADTsdiffer between either the mgor-
or minor-road legs, they should be averaged.

*  Theremaning variablesin the modd should be sat equd to the following nomind or
base conditions:

Presence of protected left-turn No left-turn phase
sgnd phase (PROTLT)

Percentage of minor-road traffic 28.4 percent
turning left (PCTLEFT,)

Grade rate for vertica curves No verticd curves
within 76 m (250 ft) of the
intersection (VEICOM)

Percentage of trucks entering 9.0 percent
the intersection (PFTRUCK)

Number of driveways within O driveways
76 m (250 ft) of the intersection
on the major road (ND,)

With the nomind or base vaues of PROTLT, PCTLEFT,, VEICOM, and PTRUCK given
above, the base modd in equation (11) reduces to:

N, " exp(&5.73 % 0.60In ADT, % 0.20In ADT,) (12)
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Calibration Procedure

The accident prediction agorithm is intended for use by highway agencies throughout the
United States. Accident frequencies, even for nominaly smilar roadway sections or
intersections, are known to vary widely from agency to agency. These variations are of two
types, those that can be directly accounted for by the accident prediction agorithm and those that
cannot.

Saes differ markedly both in terrain and in the history of the development of their highway
system, resulting in Sate-to-date differences in roadway aignment, cross section, and
intersection design. However, differences of this type can be accounted for by the AMFsin the
accident prediction agorithm.

States dso differ markedly in climate, anima population, driver populations, accident
reporting threshold, and accident reporting practices. These variations may result in some States
experiencing substantially more reported traffic accidents on rura two-lane highways than others.
Such variations cannot be directly accounted for by the accident prediction algorithm. Therefore,
acdlibration procedure has been developed to dlow highway agencies to adjust the accident
prediction agorithm to suit the safety conditions present in their State.

The cdibration procedure isimplemented by a highway agency by determining the vaue of
cdibration factors for roadway segments and a-grade intersections from comparison of their
own data to estimates from the accident prediction algorithm. The calibration factors are
incorporated in equations (13) and (14) in the following fashion for roadway segments and at-
grade intersections, respectively:

N, " N, C, (AMF,, AMF,, ... AMF) (13)
N © N, C (AMF; AMF,; ... AMF,) (14)
where:
C = cdlibration factor for roadway segments developed for use by a particular
highway agency; and
Ci = cdibration factor for at-grade intersections developed for use by a particular
highway agency.

The cdibration factors (C, and C;) will have vaues greater than 1.0 for highway agencies
whose roadways, on the average, experience more accidents than the roadways used in the
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development of the accident prediction agorithm. The cdlibration factors for highway agencies
whose roadways, on the average, experience fewer accidents than the roadways used in the
development of the accident prediction agorithm will have vaueslessthan 1.0. The cdibration
factor for at-grade intersections (C;) may have different vaues for each of the three intersection
types for which base modes have been developed. The calibration procedures for application
by highway agenciesis presented in gppendix C.

It is generally expected that the cdibration factors (C, and C,) would be determined by
highway agencies based on Satewide data. In larger and more diverse States, a highway agency
might choose to develop separate cdibration factors for individua highway digtricts or dimate
regions. It isaso possblefor usersto provide aloca cdibration factor for smaler areas with
digtinct driver populations or climate conditions. However, use of the locd cdibration factor
would require a specia study to determine the safety performance of roads in that specific loca
arearddive to the statewide or district-wide expected vaues.

In addition to estimates of accident frequency, the accident prediction agorithm includes
default distributions of accident severity and accident type for rura two-lane highway roadway
sections and intersections. These default distributions have been presented in tables 1 and 2 of
thisreport. The calibration procedure presented in gppendix C includes a capability for highway
agencies who use the accident prediction dgorithm to modify the default distributions of accident
severity and accident type to match their own experience on rura two-lane highways.
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4. ACCIDENT MODIFICATIONFACTORS

The incrementd effects of individud geometric design and traffic control dements are
represented in the accident prediction agorithm by AMFs. This section describes the
development of the AMFs and documents the AMFs for each geometric design and traffic
control factor consdered in the dgorithm.

Development of Accident Modification Factors

AMFs are used in the accident prediction agorithm to represent the effects on safety of
Specific geometric design and traffic control festures. The AMF for the nomina or base vaue of
each geometric design traffic control feature has avaue of 1.0. Any feature associated with
higher accident experience than the nominal or base condition has an AMF with avaue greater
than 1.0; any feature associated with lower accident experience than the base condition has an
AMF with avauelessthan 1.0. The multiplicative nature of the AMFsisillusirated in equations
(13) and (14).

The AMFs were developed by two expert panels, one for roadway sections and one of at-
gradeintersections. These pands exercised expert judgment in reviewing the reported research
findings concerning each geometric design and traffic control festure of interest and sdlecting an
appropriate basisfor an AMF. The members of the two expert pand s that developed the AMFs
are identified in gppendix A.

Each expert pand sdlected a st of geometric and traffic control elements, including both
roadway segment and at-grade intersection eements, as candidates for the development of
AMFs. The candidates were salected based on the pandl’ s initid assessments of those roadway
segment and intersection features that are generaly considered to be related to safety. A critical
review of published and unpublished safety literature related to each geometric design and traffic
control eement was then undertaken. Each panel met and used the findings of the literature
review asthe basisfor (1) selecting the fina set of geometric and traffic control dements for
which AMFs could be developed; and (2) quantifying those AMFs. For roadway segments, the
find AMFsincluded dl of the variablesin the roadway segment base moddss plus additiond
vaiables. For at-grade intersections, the find AMFs did not include al of the variablesin the
intersection base modd s because the expert panel found that reliable estimates of safety effects
from the literature were lacking for some variables in the base moddls and others were judged to
be of rdaively lessimportance.

For some geometric design or traffic control elements, the expert panel selected the results
of one particular study that they considered most credible to serve as the basis for the AMF. In
other cases, the expert panel combined the results of two or more studies to develop an AMF.
In other cases, where rdliable research results were lacking, the pand exercised its collective
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judgment to estimate values for an gppropriate AMF; this was done, for example, where the
pand fdt comfortable in establishing a bound, such as an appropriate maximum or minimum
vaue, for an AMF.

AMFswere based on avariety of sources including results of before-and-after accident
evauaions, coefficients or parameter vaues from regresson modds, and expert judgment. The
expert pandl considered well-designed before-and-after evauations to be the best source for
AMFs. However, rdatively few well-designed before-and-after sudies of geometric desgn
elements were found in the literature and, therefore, the expert pand had to rely in many cases on
other types of studies. Coefficients or parameter values from regresson modes are considered
lessreliable, but were used when no before-and-after study results were available and the value
of the coefficient in question was conddered by the panel to be credible. Expert judgment alone
was exercised in limited cases where no better results were available; even where an AMF was
based primarily on expert judgment, the panel used dl rdlevant research results in making that
judgment. FHWA has many promising before-and-after evaluations underway, and it is hoped
that the AMFs recommended here will be updated with those andys's results when they become
available.

The expert pands faced many difficult judgments in determining the gppropriate values of the
AMFs. A broad range of literature was reviewed and many studies were assessed. Many of the
sudies reviewed were smilar in qudity, and the selection of one study over ancther may have
depended as much on consstency with other selected AMFs as on the relative merits of the
dudies. Thus, the omission of any particular sudy from the find AMFs should not necessarily be
interpreted as disparagement of that particular study. The sources on which each AMF is based
are documented in the following discussion. Section 8 of this report not only identifies the
sources cited in the text but dso includes a complete bibliography of al sources consulted in the
development of the AMFs.

While the individua AMFswere based on the pand’ s best judgment about the relative
merits of the available research findings, the credibility of the modd is supported by a senstivity
analysis whose results are presented in section 5 of this report.

The AMFs incorporated in the mode include:
Roadway Segments

« Lanewidth.
e Shoulder width.

e Shoulder type.
e Horizontd curves
I lengh;
1 radius

presence or absence of spird trangtions;
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I supereevation.
* Grades.
*  Driveway densty.
e Two-way left-turn lanes.
*  Passing lanes/short four-lane sections.
* Roadside design.

At-Grade I nter sections

o Skewangle

e Trdfic contral.

*  Exdusveleft-turn lanes.

e Exdusveright-turn lanes.
* Intersection sght distance.

An explanation of each AMF for roadway sections and for at-grade intersectionsis
presented below.

Roadway Segments

The AMFsfor geometric design and traffic control features of roadway segments are
presented below.

Lane Width

The nomina or base vdue of lane width is3.6 m (12 ft). Thus, 3.6-m (12-ft) lanes are
assgned an AMF of 1.00. Figure 2 illustrates the recommended values of the AMF for lane
widths from 2.7 to 3.6 m (9 to 12 ft). The AMF for any lane widths within the range of 2.7 to
3.6 m (9 to 12 ft) would be interpolated between the lines shown in figure 2. Laneslessthan 2.7
m (9 ft) in width would be assigned an AMF equd to that for 2.7-m (9-ft) lanes. Lanes greater
than 3.6 m (12 ft) in width would be assigned an AMF equd to that for 3.6 m (12-ft) lanes. As
shown in the figure, the AMFs for lanes less than 3.6 m (12 ft) in width would be constant for all
ADTs above 2,000 vehv/day, but would decrease to a substantially smaller vaue over the range
of traffic volumes between 400 and 2,000 veh/day. The AMFs then have congtant, but lower,
vauesin the range of ADT below 400 veh/day.

If the lane widths for the two directions of travel on aroadway segment differ, the AMF

should be determined separately for the lane width in each direction of travel and the resulting
AMFs should then be averaged.
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The AMFs shown in figure 2 gpply to sngle-vehicle run-off-the-road and multiple-vehicle
head-on, opposite-direction sideswipe, and same-direction sideswipe accidents. The AMFs
expressed on this basis mug, therefore, be adjusted to total accidents within the accident
prediction dgorithm. This can be accomplished with the following equation:
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Accident Modification Factor

170 This factor applies to single-vehicle run-off-road,
multiple-vehicle same direction sideswipe accidents,
and multiple-vehicle opposite-direction accidents
1.60
1.50 O-ft lanes
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2000.424-2
Average Daily Traffic Volume (veh/day)
Figure2. Recommended Accident Maodification Factor for Lane Width.



AMF " (AMF_ & 1.0) P_ % 1.0 (15)

where:

AMF = accident modification factor for tota accidents;

AMF, = accdent modification factor for rated accidents (i.e., Sngle-vehicle run-off-
the-road and multiple-vehicle head-on, opposite-direction sideswipe, and
same-direction Sdeswipe accidents), such as the accident modification factor
for lane width shown in figure 2;

P = proportion of total accidents constituted by related accidents.

The proportion of related accidents (P, is estimated as 0.35 (i.e., 35 percent) based on the
default distribution of accident types presented in table 2. This default accident type distribution,
and therefore the vdue of P,,, may be changed by a highway agency as part of the cdibration
process.

The AMFsfor lane width for roadways with ADT greater than 2,000 vehv/day are based on
the results of Zegeer et d.©®© Furthermore, these values are reasonably consistent with the results
of Zegeer e d.7® and Miaou.® The AMF of 1.05 for 3.3-m (11-ft) lane widths on roadways
with ADTs over 2,000 veh/day has been adjusted to alower vaue than that indicated by Zegeer
et d.© based on the expert pand’ s assessment of a broader set of studies concerning the safety
performance of roadways with 3.3-m (11-ft) lanes. The AMFsfor lane widths on roadways
with ADTsless than 400 veh/day are based on the results of Griffin and Mak.™® The transition
linesinthe ADT range from 400 to 2,000 veh/day are based on a judgment by the expert pand.

Shoulder Width and Type

The nomind or base value of shoulder width and type isa 1.8-m (6-ft) paved shoulder,
which isassgned an AMF vdue of 1.00. Figure 3 illustrates the recommended AMF for
shoulder widths that differ from 1.8 m (6 ft). Another AMF, presented below, adjusts for
differences between gravd, turf, or composite shoulders and paved shoulders. The modification
factorsin figure 3 illustrate that, for ADTs above 2,000 veh/day, the effect of a 0.6-m (2-ft)
change in shoulder width is equivadent to the effect of a0.3-m (1-ft) change in lane width. For
ADTs beow 400 veh/day, the effect of a 0.3-m (1-ft) change in shoulder width is equivalent to
the effect of a0.3-m (1-ft) change in lane width. A linear trangtion between these effects occurs
over the range of ADTsfrom 400 to 2,000 veh/day. AMFsfor shoulder widths between 0 and
24 m (0 and 8 ft) should be interpolated between the lines in figure 3. Shoulders greater than
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2.4 m (8 ft) in width should be assgned AMFs equal to those for 2.4 m (8 ft). The AMFs
shown in figure 3 apply only to single-vehicle run-off-the-road and opposite-direction accidents.

33



Accldent ModIflcatlon Factor

1.60 1

150+

1.40

This factor applies to single-vehicle run-off-road,
multiple-vehicle same direction sideswipe accidents,
and multiple-vehicle opposite-direction accidents

1.50 O-ft shoulders

1.30 1,30 2-ft shoulders
1.20
1.15 4-ft shoulders
1.10
1.00 1.00 6-ft shoulders
0.98
0907 0.87 8-ft shoulders

0.80

500

I I |
1,000 1,500 2,000

Average Daily Traffic Volume (veh/day)

Figure 3. Accident Modification Factor for Shoulder Width.
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The AMFsfor shoulder width on rurd two-lane highways with ADTs over 2,000 veh/day
are based primarily on the results of Zegeer et d.© which suggests the 2:1 ratio between the
effects of lane and shoulder widths. Thisfinding is reasonably consstent with the results of
Miaou®V and Rinde.*? The AMFs for roadways with ADTs less than 400 veh/day, which
indicate a 1:1 ratio between the effects of lane width and shoulder width, are based on the work
of Zegeer e a.® for low-volume roads. The transition curvesin the ADT range from 400 to
2,000 veh/day are based on a judgment by the expert pandl.

The nomina or base condition for shoulder type is the paved shoulder. Table 3 presentsthe
recommended AMFs for grave, turf, and composite shoulders as a function of shoulder width.
The AMFs shown in table 3 gpply to single-vehicle run-off-the-road and opposite-direction
accidents.

Table3. Accident Modification Factorsfor Shoulder Typeson Two-L ane Highways.

Shoulder width (ft)

Shoulder
type 0 1 2 3 4 6 8 10
Paved 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
Gravel 1.00 1.00 1.01 1.01 1.01 1.02 1.02 1.03
Composite 1.00 1.01 1.02 1.02 1.03 1.04 1.06 1.07
Turf 1.00 1.01 1.03 1.04 1.05 1.08 1.11 1.14

Conversion: 1 ft=0.305m

Note: The values for composite shoulders in this table represent a shoulder for which
50 percent of the shoulder width is paved and 50 percent of the shoulder width is turf.

The panel made ajudgment that the shoulder type effect observed by Miaod® was
gppropriate to characterize the difference between gravel and paved shoulders and that the effect
observed by Zegeer et d.© was appropriate to characterize the difference between turf and
paved shoulders. The composite shoulders represented by table 3 represent a shoulder for
which 50 percent of the shoulder width is paved and 50 percent of the shoulder width is turf.
The AMFsfor composite shoulders are averages of the AMFsfor paved and turf shoulders.

Table 3 assumes that the base condition for shoulder type is a paved shoulder. In fact, the
data base used to devel op the base modd for roadway sections shown in equation (4) conssted
of approximately 67 percent paved and composite shoulders and 33 percent gravel shoulders.
However, the difference in safety performance between paved and gravel shouldersis so smdl
that the magnitude of the AMFsis only minimaly affected by the proportion of gravel shoulders
inthe database. Therefore, the use of table 3 without modification is recommended. If, a any
future time, the base model for roadway sectionsiis replaced or updated, it is recommended that
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either (1) the modd be based solely on roadway sections with paved shoulders; or (2) that
shoulder type appear explicitly in the base modd.

If the shoulder types and/or widths for the two directions of travel on aroadway segment
differ, the AMF should be determined separately for the shoulder type and width in each
direction of travel and the resulting AMFs should then be averaged.

The AMFsfor shoulder width and type apply only to single-vehicle run-off the-road and
multi ple-vehicle head-on, opposite-direction Sdeswipe, and same-direction sideswipe accidents.
The AMFs expressed on this basis mugt, therefore, be adjusted to tota accidents within the
accident prediction dgorithm. This can be accomplished with the following equation thet is
anaogous to equation (15):

AMF = (AMF, . AMF,

tra

& 10) P, % 10 (16)

where:

AMF,, = accident modification factor for related accidents based on shoulder
width (from figure 4); and

AMF,, = accident modification factor for related accidents based on shoulder type
(from table 3).

The proportion of related accidents (P, is estimated as 0.35 (i.e., 35 percent) based on the
default distribution of accident types presented in table 2. This default accident type distribution
and therefore the vaue of P,,, may be changed by a highway agency as part of the calibration
Process.

Horizontal Curves
Length, Radius, and Presence or Absence of Spiral Transitions

The nomind or base condition for horizontal dignment is a tangent roadway section. An
AMF has been devel oped to represent the manner in which accident experience of curved
aignments differs from that of tangents. This AMF gppliesto total roadway segment accidents,
not just the related accident types considered above for lane and shoulder widths.

The AMF for horizonta curves has been determined from the regresson model developed
by Zegeer et d.™ The Zegeer modd includes the effects on accidents of length of horizontal
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curve, degree of horizonta curve, and presence or absence of spird trangition curves. The
Zegeer modd could aso be used to introduce an effect of lane width on horizonta curves that
differs from the effect of lane width on tangents. No data are available to represent any
differentia effect of shoulder width between horizonta curves and tangents.

The AMF for horizontd curvatureisin the form of an equation and, thus, might be termed
an accident modification function rather than an accident modification factor. The AMF for
length, radius, and presence or absence of spird transitions on horizontal curvesis.

155, % %2. & 0.012S

AMF * (17)
1550

where: L. = length of horizontd curve (mi);

= radiusof curvature (ft); and

1if spird trangtion curveis present

0if spird trangtion curve is not present.

O

n Ao
1

In gpplying the accident modification functions for curves with spird trangtions, the length
variable (L) should represent the length of the circular portion of the curve.

Superelevation

The nomind or base condiition for the AMF for the superdevation of a horizontd curveis
the amount of superdevation required by the AASHTO Green Book." The superelevation
required by the AASHTO Green Book must be determined taking into account the value of
maximum superdevaion rate, e,..,, established by highway agency policies. Policies concerning
maximum superelevation rates for horizontal curves vary between highway agencies based on
climate and other consderations. If no vadue of e,,,, Specified by the particular highway agency
has been incorporated in the IHSDM, then e, = 0.06 will be assumed by default. The AMF
for superelevation is based on the superelevation deficiency of ahorizonta curve (i.e., the
difference between the actua superelevation and the superdevation required by AASHTO
policy). When the actua superelevation meets or exceeds that required by AASHTO palicy, the
vaue of the superdlevation AMF is 1.00. The expert panel made ajudgment that there would be
no effect of superelevation deficiency on safety until the superdevation deficiency exceeds 0.01.

The generd functiona form of an AMF for superelevation is shown in figure 4, based on the

work of Zegeer et d.®*® For ahorizonta curve with 12-ft lanes and no spird transitions, the
Zegeer work suggests an AMF of the form:
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1.22 % ﬂs“ % 9.52SD
AMF * (18)

122 5 L1604
R

where:
SD = superdevation deficiency.
However, the AMF in the form shown in equation (18) is not directly usable because it
suggedts that for any given superelevation deficiency, the vaue of AMF increases with increasing
radius of curvature. In fact, it ssemslikdy that the opposite should occur, with superdevation

deficiencies being more important on curves with smaller radii.

Zegeer, et . % indicate that the mean radius of horizontal curvesin their study was 257.0
m (842.5 ft). For this mean radius, equation (18) indicates the following vaues of the AMF:

Superelevation

deficiency AMF
0.02 1.06
0.03 1.09
0.04 112
0.05 115

Basad on these vaues and the expert pand’ s judgment that there is no effect on safety until the
superelevation deficiency reaches 0.01, the following reationships which form the basis for
figure 5 can be derived:

AMF * 1.00 for SD < 0.01 (19)
AMF * 1.00 % 6 (SD ! 0.01) for 0.01 # SD < 0.02 (20)
AMF " 1.06 % 3 (SD ! 0.02) for SD $ 0.02 1)
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This AMF appliesto total roadway segment accidents for roadway segments located on
horizonta curves.

Grades

The nomind or base condition for grade isaleved roadway (0% grade). Table 4 presents
the accident modification factor for grades based on an andysis of two-lane highway gradesin
Utah conducted by Miaou.® This anadysis considered accident and geometric data for
approximately 4,000 km (2,500 mi) of two-lane roads with 88.5 km/h (55-mi/h) speed limits,
3.6-m (12-ft) lanes, and tangent dignment. Two analys's gpproaches were used:  univariate
andyss using smoothing techniques and negative binomid regresson modding. Both methods
estimated the effect of vertica grade on accidents as approximately a 1.6 percent increase in
accidents per 1 percent increase in grade. However, both studies found this effect to be not
gatidicaly sgnificant.

Despite the lack of atistical Sgnificance of the results, a decision was reached by the expert
pandl to use the observed effect asthe basis for an AMF because the result appeared reasonable
to the expert pand and because no more reliable results are available. Table 4 presents AMFs
for grade based on the observed 1.6 percent increase in accidents per 1 percent increasein
percent grade. The AMFsin table 4 are applied to each individua grade section on the
roadway being evaluated without respect to the sgn of the grade. The sgn of the grade is
irrelevant because each grade on atwo-lane highway is an upgrade for one direction of travel
and adowngrade for the other. The grade factors are applied to the entire grade from one point
of vertica intersectiona (PVI1) to the next (i.e., thereisno specid account taken of vertica
curves). The AMFsin table 4 gpply to total roadway segment accidents.

Table4. Accident Maodification Factorsfor Grade of Roadway Sections.
Grade (%)

0 2 4 6 8

1.00 1.03 1.07 1.10 1.14

Note: This factor can be expressed as an effect of 1.6 percent per percent grade.

Driveway Density
The nomina or base condition for driveway density is three driveways per km

(five driveways per mi). The AMF for driveway density is based on the following equation
derived from the work of Muskaug:™”
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= = 0.2 % [0.05 & 0.005 In (ADT)] DD

0.2 % [0.05 & 0.005 In (ADT)] (5) (22)
where:
ADT = annud average dally traffic volume of the roadway being evauated (vetvday);
and
DD = driveway dendty (driveways per mile).

The Muskaug study dedls with injury accidents only but the expert pand made ajudgment that
the AMF shown in equation (22) can be gpplied to total roadway accidents of al severity levels.

The expert panel considered the Norwegian study by Muskaug to be the best available
study on the safety effects of driveway densty on rurd two-lane highways. The pand was
concerned, however, about reliance on an international data source and undertook a further
review of relevant U.S. literature. The most gpplicable U.S. reference appeared to be
Transportation Research Circular 456, and an analys's concluded that its results were
consistent with the findings of Muskaug.® Still another review of HSIS data from Minnesota
concluded that the effect of driveway densty in accidents is consastent with the results of the
Muskaug study. Therefore, the Muskaug results were retained as the basis for the driveway
densty AMF.

Passing Lanes

The nomind or base condition for passing lanesis the absence of alane (i.e., the normd
two-lane cross section). The AMF for aconventiona passing or climbing lane added in one
direction of travel on atwo-lane highway is0.75 for total accidents in both directions of travel
over the length of the passing lane from the upstream end of the lane addition taper to the
downstream end of the lane drop taper. This vaue assumes that the passing lane is operationally
warranted and that the length of the passing lane is gppropriate for the operationa conditions on
the roadway. AnIHSDM procedure other than the accident prediction agorithm should be used
to warn usersif apassing lane is not operationaly warranted or if an ingppropriate passing lane
length isused. Passing lanes are known to have traffic operationd effects that extend 5 to 13 km
(3 to 8 mi) downstream of the passing lane; while it might be presumed that these operationd
effects provide andogous safety benefits over asmilar length of highway, no such effect is
included in the accident prediction agorithm for lack of quantitative evidence of such a benefit.

The AMF for short four-lane sections (i.e., Sde-by-side passing lanes provided in opposite

directions on the same roadway section) is 0.65 for tota accidents over the length of the short
four-lane section. This AMF applies to any portion of roadway where the cross section has four
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lanes and where both added lanes have been provided over alimited distance to increase passing
opportunities. This AMF does not apply to extended four-lane highway sections.

The AMF for passing lanesis based primarily on the work of Harwood and . John, with
consideration also given to the results of Rinde and Nettleblad.®* 1220 The AMF for short four-
lane sections is based on the work of Harwood and St. John.® These AMFs apply to total
roadway segment accidents within the passing lane and short four-lane sections.

Two-Way Left-Turn Lanes
The ingalation of a center two-way left-turn lane (TWLTL) on atwo-lane highway to

create athree-lane cross section can reduce accidents related to turning maneuvers a driveways.
The AMF for inddlation of aTWLTL is

AMF * 11 0.7P, P 1p (23)
where:
Po = driveway-related accidents as a proportion of total accidents; and
Piro = left-turn accidents susceptible to correction by a TWLTL as aproportion

of driveway-related accidents.

The vaue of P,p is estimated from the work of Hauer as??

0.0047DD % 0.0024DD 2

P -
® 1199 % 0.0047DD % 0.0024DD 2

(24)

The vadue of P, 1, was estimated by the expert panel as 0.5.

The expert pandl considers that equations (23) and (24) provides the best estimate of the
AMF for TWLTL ingdlation that can be made without data on the left-turn volumes within the
TWLTL. Redidicdly, such volumes are sddom available to highway agenciesfor usein such
analyses. The AMF, as adjusted in equation (23), appliesto tota roadway segment accidents.
Equation (24) was initialy developed to represent total access point density (driveways plus
unsgnalized intersections). However, it is used here to determine an AMF for driveway density
alone, because the effects of |eft-turn lanes at intersections are considered separately below.
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The AMF for TWLTL ingdlation should not be gpplied unless the driveway dengty is
greater than or equd to three driveways per km (five driveways per mi). If the driveway dengity
IS less than three driveways per km (five driveways per mi), the AMF for TWLTL ingdlation is
1.00. TWLTL ingalation would, in any case, be ingppropriate for roadway segments with
driveway dengties lower than this threshold.

Roadside Design

For purposes of the accident prediction adgorithm, the qudity of roadside designis
represented by the roadside hazard rating (1 to 7 scale) developed by Zegeer et d. © No
studies were found in the literature that presented satisfactory relationships between the roadside
hazard rating and accident experience for two-lane highways. Therefore, the AMF for roadside
design was derived directly from the base model for roadway sections presented in equation (5).
The nomina or base vaue of roadsde hazard rating employed in the base modd for roadway
sectionsis 3. The AMF is based on theratio of the accident experience predicted by base
modd using the actual roadway section in question to the accident experience predicted by the
base modd using the nomina vaue of roadsde hazard rating equa to 3. The AMF is

exp(10.6869 % 0.0668 RHR)
exp(10.4865)

AMF *

(25)

This AMF gppliesto total roadway segment accidents. Photographic examples and quantitative
definitions for each roadside hazard rating (1 through 7) as afunction of roadside design feetures
such as side dope and clear zone width are presented in appendix D.

The expert pand encourages future development of AMFs for specific roadside design
eementsin as much detail as the roadway design factorsin this accident prediction agorithm.
For example, the dgorithm could be made sengitive to the presence or absence of aguardrall at
specific roadsde dopes and a individud roadside obstacles. The Roadside Safety Andyss
Program (RSAP) modd currently being developed might be applied for this purpose rather than
just as a benefit/cost tool for comparing roadside design dternatives?® However, the RSAP
mode is not yet complete and the consensus of the panel was that gpplication of the RSAP
model would be beyond the scope of thisinitid effort to develop the accident prediction
agorithm.

At-Grade Intersections

The AMFsfor geometric design and traffic control features of at-grade intersections are
presented below. As explained above, AMFs have been developed only for those geometric
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design and traffic control festures for which the expert pand found a suitable basis for quantifying
an AMF.

Number of Intersection Legs

Thereis no separate AMF for the number of intersection legs. Instead, the effect of the
number of intersection legs will be accounted for by the separate base models for three- and
four-leg intersections like those presented in section 3 of thisreport. Base models have been
developed for both three- and four-leg STOP-controlled intersections, while base models for
sgndized intersections have been developed for four-leg intersections only. No base models will
be developed for intersections with more than four legs. Therefore, multi-leg intersections and
three-leg Sgnalized intersections will not be addressed by the initid version of the accident
prediction agorithm.

Intersection Skew Angle

The nomina or base condition for intersection skew angle is 0 degrees of skew (i.e,, an
intersection angle of 90 degrees). The skew angle for an intersection was defined as the
deviation from an intersection angle of 90 degrees and carries a poditive or negative sgn that
indicates whether the minor road intersects the mgor road at an acute or obtuse angle. Thissign
was introduced into the base modd because a Finnish study by Kulmaafound that acute and
obtuse skew angles affected safety differently.@

STOP-Controlled Intersections

The AMF for intersection angle a three-leg STOP-controlled intersections is derived from
the base modd for thisintersection type. Because the intersection angle variable was not
datigticdly sgnificant a the 0.015 sgnificance leve, it did not appear in the base modd in
equation (7). Therefore, the base modd presented in equation (49) in gppendix B with additional
variables, including the intersection angle variable, was used to derive the following AMF:

exp (112.15 % 1.001in ADT, % 0.406In ADT, % 0.0040SKEW.,)
exp (112.15 % 1.001in ADT, % 0.406ln ADT,)

AMF *

(26)

where:

ADT, = averagedaily traffic volume for the mgor road;
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ADT,
SKEW,

average daily traffic volume for the minor road; and

intersection angle (degrees) minus 90 for the angle between the
magjor-road leg in the direction of increasing Sations and aleg to the
right; 90 minus intersection angle (degrees) for the angle between the
major-road leg in the direction of increasing sations and aleg to the left.

Equation (26) reducesto:
AMF " exp(0.0040 SKEW,) (27)

The AMF for intersection angle at four-leg STOP-controlled intersectionsis based directly
on the base model presented as equation (9) for this intersection type:

Ay - P(19.15 % 0534In ADT, % 0.665In ADT, ! 0.0054SKEW,)
exp(19.15 % 0.534In ADT, % 0.665In ADT,) (28)

SKEW, = intersection angle (degrees) expressed as one-hdf of the angleto the
right minus one-hdf of the angle to the left for the angles between the
magor-road leg in the direction of increasing stations and the right and left

legs, respectively

Equation (28) reducesto:
AMF " exp(&0.0054 SKEW,) (29)

The opposite signs of the coefficients of skew angle in equations (27) and (29) are a concern
because the difference in Sgn implies that positive and negetive skew angles (as defined above for
available SKEW; and SKEW,,) have opposite effects on safety at three- and four-leg
intersections. On further review, the expert panel decided that the results of the Kulmaa study
aone did not provide a sufficient basis for challenging the widely accepted view that any
intersection skew that departs from a 90-degree angle, whether positive or negative, is
detrimenta to safety. Therefore, equations (27) and (29) have been recast as shown below. For
athree-leg STOP-controlled intersection:

AMF " exp (0.0040 SKEW) (30)
For afour-leg STOP-controlled intersection:

AMF " exp (0.0054 SKEW) (31)
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where:

SKEW = intersection skew angle (degrees), expressed as the absolute vaue of the
difference between 90 degrees and the actual intersection angle.

These AMFs apply to total intersection accidents.

Signalized Intersections

Skew angleisamuch lessimportant factor in the operation of signdized intersection thanin
the operation of STOP-controlled intersections. Since the traffic Sgna separates most
movements from conflicting approaches, the risk of collisons rdated to the skew angle between
the intersecting approaches is limited at a Sgnalized intersection. Therefore, the AMF for skew
angle at four-leg sgndized intersectionsis 1.00 for dl cases.

Intersection Traffic Control

The safety differences between STOP-controlled and signalized intersections are accounted
for by use of separate base models rather than by an AMF. However, an AMF for the
difference between minor-leg and al-way STOP-controlled intersections has been developed
and is discussed below. The nomind base case for STOP-controlled intersections has STOP
sgns on the minor leg(s) only. An AMF is provided for intersection with al-way STOP control.
Minor-road Y IELD controlled intersections are treated identically to minor-road STOP-
controlled intersections in the accident prediction agorithm.

All-way STOP control is most appropriate for |ower-speed roadways with relatively equal
traffic volumes on dl legs of the intersection. The Manual on Uniform Traffic Control Devices
(MUTCD) includes specific warrants for al-way STOP control.? All-way STOP control
should not be consdered for an intersection unless these warrants are met. The AMF for
conversion from minor-road to al-way STOP-control is0.53. This AMF appliesto total
intersection-related accidents. The AMF vaue of 0.53 implies that an dl-way STOP-controlled
intersection experiences 47 percent fewer accidents than atwo-way STOP-controlled
intersection. This AMF is based on the findings of Lovell and Hauer.®® They collected data for
three local agencies (San Francisco, Philadelphia, and Toronto) and one State agency
(Michigan). Of these, only the Michigan data pertains to low-volume, high-speed, rurd roads.
However, snce the Michigan data set is smdl and its results are Smilar to those for the other
three agencies, the recommended AMF is based on the combined data for al four agencies. The
expert panel recommended that some other IHSDM module, possibly the diagnostic review
module for design of at-grade intersections, should make clear to IHSDM usersthat al-way
STOP-control should be used only when the established warrants are met. This is necessary to
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discourage indiscriminate use of al-way STOP-control, because it islikely that the substantial
safety benefits of al-way STOP control shown below can be attained only when the warrants are
met.

Intersection Left-Turn Lanes

The nomina or base condition for intersection left-turn lanesis the absence of left-turn lanes
on the mgjor-road approaches. The AMFsfor presence of |eft-turn lanes on the mgjor road are
presented in table 5. These AMFs apply to tota intersection-related accidents. The expert
panel did not find any well-designed before-and-after studies on the accident reduction
effectiveness of left-turn lanes. Therefore, the AMFs in the table represent ajudgment by the
expert pand combining results from severd sources. The AMFsfor ingtdlation of left-turn lanes
at STOP-controlled intersections are based on studies by Agent, Bauer and Harwood, California
Department of Public Works, Creasy and Agent, Dae, Ermer, Glennon, McCoy et a., McCoy
and Mdone, and Smith et d. The AMFsfor ingalation of left-turn lanes & sgndized
Intersections are based on studies by Agent, Cdifornia Department of Public Works, Datta,
Smith et d., and McCoy and Maone.(?8: 1. 27: 29, 30, 31, 32,33, 34,35, 36, 37) The AMFs for ingtdlation
of left-turn lanes on both gpproaches to afour-leg intersection are equd to the square of the
corresponding AMF for ingtdlation of aleft-turn lane on asingle gpproach. No data are
avalladle to quantify the effect on safety of Ieft-turn lanes on aminor road, so these will not be
consdered in the accident prediction agorithm.

Table5. Accident Modification Factorsfor Installation of L eft-turn Lanes on the
M ajor-Road Approachesto Intersection on Two-Lane Rural Highways

Number of major-road approaches on which
) . left-turn lanes are installed
Intersection traffic
Intersection type control One approach Both approaches
Three-leg intersection STOP sign? 0.78 1
Traffic signal 0.85 !
Four-leg intersection STOP sign? 0.76 0.58
Traffic signal 0.82 0.67

& STOP signs on minor-road approach(es).

Intersection Right-Turn Lanes

The nomind or base condition for intersection right-turn lanesis the absence of right-turn
lanes on the major-road approaches. The AMF for the presence of right-turn lanes at STOP-
controlled intersections is 0.95 for aright-turn lane on one mgjor-road approach and 0.90 for
right-turn lanes on both mgjor road approaches. These AMFs apply to total intersection-related
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accidents. The expert pand did not find any well-designed before-and-after studies on the
accident reduction effectiveness of right-turn lanes. Therefore, the vaues of the AMFs are based
on ajudgment by the pand based on the work of Vogt and Bared, Kulmala, and Elvik. 4 5 23
¥ No data are available to quantify the effect on safety of right-turn lanes on aminor road, so
these are not considered in the accident prediction adgorithm. Also, no effect is consdered for
the provision of apaved shoulder on an intersection gpproach unless that paved shoulder is
marked as aright-turn lane.

No studies that the expert pand considered appropriate were found concerning the accident
reduction effectiveness of right-turn lanes a signdized intersections. Therefore, the panel made a
judgment that the effectiveness of right-turn lanes at sgnalized intersections should be estimated
as hdf that found at STOP-controlled intersections. Thus, the AMF for the presence of right-
turn lanes at sgnalized intersections is 0.975 for aright-turn lane on one mgor-road approach
and 0.95 for right-turn lanes on both mgor-road approaches. These AMFs also apply to total
intersection-rel ated accidents.

Intersection Sight Distance

The nomind or base condition for intersection sight distance is the availability of adequate
intersection sight distance dong the mgor road in dl quadrants of the intersection. The AMFs
for intersection sight distance at intersections with STOP control on the minor leg(s) are:

* 1.05if 9ght digance is limited in one quadrant of the intersection.

* 110if 9ght digance islimited in two quadrants of the intersection.
* 1.15if 9ght diganceislimited in three quadrants of the intersection.
* 1.20if 9ght digtance is limited in four quadrants of the intersection.

These AMFs apply to total intersection-related accidents.

Sight distance in aquadrant is consdered limited if the avallable Sght disance is lessthan the
sght distance specified by AASHTO policy for adesign speed of 20 km/h less than the mgor-
road design speed. Only Sght distance restrictions due to roadway dignment and terrain are
considered by the accident prediction agorithm. Sight distance redtrictions due to specific
obstructions (e.g., trees, bushes, poles, and buildings) are not available in the CAD system and,
therefore, are not to be considered by the accident prediction agorithm.

The AMFsfor intersection sight distance gpply only to two-way STOP-controlled or

Y |ELD-controlled intersections. An AMF of 1.00 is gpplicable to sgnal-controlled and al-way
STOP-controlled intersections.
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There was no single evauation of the effects of intersection sght distance on accidents that
the pand found to be most credible. Therefore, the recommended AMF was determined from
the pand’s best judgment based on the results of Kulmala, Briide and Larsson, and Elvik.® %
These results were assumed to represent sight distance improvementsin al quadrants of an
intersection. Therefore, this effect was proportioned on a per-quadrant basis for gpplication in
the accident prediction agorithm.
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5. SENSITIVITY ANALYSISRESULTS

A sengtivity andyss was performed to illudtrate the estimated effect on safety of the various
parameters and factors in the accident prediction agorithm. The results of this sengtivity andyss
are present in this section.

All of the sengitivity analyses presented here were performed with the calibration factors for
both roadway segments (C,) and intersections (C;) set equal to 1.00. Thus, these results do not
represent the safety conditions experienced by any particular highway agency and should be
interpreted primarily in ardative sense.

Roadway Segments

The sengitivity analysis for roadway segments first established the variation of accident
frequency and accident rate with ADT for the base or nomina condition. Then specific AMFsin
the prediction dgorithm for roadway segments were varied one a atime. Finaly, the predicted
accident frequencies and accident rates for combinations of AMFs with extremely high and
extremely low accident experience were determined.

Nominal or Base Condition

The nomind or base condition for evauating roadway segments consists of the following
combination of conditions:

* Lanesthat are 3.6-m (12-ft).

e Paved shouldersthat are 1.8-m (6-ft).

*  Tangent roadway.

* Levd grade (O percent).

*  Threedriveways per km (5 driveways per mi).
* Roadside hazard rating = 3.

*  No passing lanes or short four-lane sections.

Table 6 illustrates the variation of accident frequency and accident rate with the roadway
segment ADT for the nomina or base condition. The table shows that for the nomina or base
condiition the accident frequency per mile per year increases linearly with increesng ADT, while
the accident rate per million veh-mi remains congtant.

Table 6 and the other tables in this section of the report are presented in conventiona units
because dl of the equations and AMFs on which they are based are in conventiona units (see
sections 3 and 4).
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Table 6. Sendtivity of Safety to ADT for Nominal Conditionsfor Roadway Segments.

ADT
(veh/day) Accidents per mi per year Accidents per million veh-mi
400 0.09 0.61
1,000 0.22 0.61
3,000 0.67 0.61
5,000 1.12 0.61
10,000 2.24 0.61

Conversion: 1 mi = 1.61 km

Lane Width

Table 7 presents the sengitivity of safety to lane width while al other factors are hdd et thelr
nomina or base conditions. The table shows that under low-volume conditions there is very
limited sengtivity of safety to lane width, while the sengtivity islarger a higher volumeleves. For
ADTs above 2,000 vetvday, accident frequency is 16.5 percent higher for 2.7 m (9 ft) lanes than
for 3.6 m (12 ft) lanes.

Table7. Senditivity of Safety to L ane Width on Roadway Segments.

Lane Width (ft)

ADT 9 10 11 12

(veh/day) BASE
ACCIDENTS PER MILE PER YEAR

400 0.09 0.09 0.09 0.09
1,000 0.24 0.23 0.23 0.22
3,000 0.79 0.74 0.68 0.67
5,000 1.32 1.24 1.14 1.12
10,000 2.64 2.48 2.28 2.24

ACCIDENTS PER MILLION VEHICLE-MILES

400 0.63 0.62 0.62 0.61
1,000 0.66 0.64 0.62 0.61
3,000 0.72 0.68 0.63 0.61
5,000 0.72 0.68 0.63 0.61
10,000 0.72 0.68 0.63 0.61

Conversion: 1 mi=1.61km; 1ft=0.305m

Shoulder Type and Width

Table 8 presents the sengitivity of safety to shoulder type and width while dl other factors
are held at their nomind or base condition. Like the lane width effect, there is very limited
sengitivity of safety to shoulder type and width at low volume levels. For ADTs above 2,000
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veh/day, accident frequency can differ by a maximum of 25 percent among various combinations

of shoulder type and width.

Table8. Sensitivity of Safety to Shoulder Type and Width on Roadway Segments.

Shoulder Type and Width (ft)

None Paved Gravel Turf
ADT 0 2 4 6 8 2 4 6 8 2 4 6 8
(veh/day) BASE
ACCIDENTS PER MILE PER YEAR
400 0.09 0.09 0.09 0.09 0.09 0.09 0.09 0.09 0.09 0.09 0.09 0.09 0.09
1,000 0.24 024 0.23 022 022 0.24 023 023 0.22 0.24 0.23 0.23 0.23
3,000 079 074 0.71 067 064 0.75 071 0.68 0.65 0.75 0.72 0.69 0.67
5,000 1.32 124 118 112 107 124 118 113 1.08 125 1.20 1.15 1.11
10,000 264 248 236 224 214 249 237 226 216 251 240 231 2.22
ACCIDENTS PER MILLION VEHICLE-MILES

400 0.64 063 0.62 061 061 0.63 0.62 062 0.61 0.64 0.63 0.63 0.64
1,000 0.67 065 0.63 061 060 0.65 0.63 0.62 0.61 0.66 0.64 0.63 0.63
3,000 0.72 068 0.65 061 059 0.68 0.65 0.62 0.59 0.69 0.66 0.63 0.61
5,000 0.72 068 0.65 061 059 0.68 0.65 0.62 0.59 0.69 0.66 0.63 0.61
10,000 0.72 068 0.65 061 059 0.68 0.65 0.62 059 0.69 0.66 0.63 0.61

Conversion: 1 ft=0.305m; 1 mi =1.61 km

Horizontal Curvature

Tables 9 and 10 present the sengitivity of safety to factors related to horizonta curvature.
Table 9 compares the safety performance of a tangent roadway with various combinations of
horizonta curve length and radius with and without spird trangtions.

The vaues in the table are computed with all factors other than horizontal curvature set to
their nomina or base conditions. The table shows that the safety performance of long flat curves
isonly dightly worse than the safety performance of a tangent roadway. However, short sharp
curves can have much higher accident rates. A horizonta curve with alength of 31 m (100 ft)
and aradius of 31 m (100 ft) on aroadway segment would be expected to have an accident rate
over 28 times as high as a tangent section on the same roadway. Addition of spird trangtion
curves can reduce accident frequencies up to amaximum of 6.6 percent for the curves selected
for table 9.

Table 10 shows the expected effect on safety of superelevation deficiencies for horizonta
curves. the table shows, asindicated in equation (21) that a superelevation deficiency of 0.02
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Increases accidents on the curve by 6 percent and a deficiency of 0.04 increases accidents by 12
percent.

Table9. Senstivity of Safety to Horizontal Curve Length and Radius on Roadway

Segments.
Curve Length = Curve Length = Curve Length = Curve Length =
100 ft 500 ft 1,000 ft 2,000 ft
Radius (ft) Radius (ft) Radius (ft) Radius (ft)

ADT

(veh/day) Tangent 100 200 500 500 1,000 2,000 1,000 2,000 5,000 1,000 2,000 5,000

ACCIDENTS PER MILE PER YEAR—Curves without spiral transitions

400 009 255 132 058 0.19 0.14 011 011 0.10 0.09 0.10 0.10 0.09
1,000 0.22 6.37 3.30 145 047 035 0.29 0.29 0.26 0.24 0.26 0.24 0.23
3,000 0.67 19.11 9.89 436 141 1.04 0.86 086 0.77 0.71 0.77 0.72 0.69
5,000 1.12 31841648 7.27 235 174 1.43 143 1.28 1.18 1.28 1.20 1.15

10,000 2.24 63.69 32.97 1453 470 3.47 2.86 286 255 237 255 240 231
ACCIDENTS PER MILLION VEHICLE-MILES—Curves without spiral transitions

400 0.61 1745 9.03 398 129 095 0.78 0.78 0.70 0.65 0.70 0.66 0.63
1,000 0.61 1745 9.03 398 129 095 0.78 0.78 0.70 0.65 0.70 0.66 0.63
3,000 0.61 1745 9.03 398 129 095 0.78 0.78 0.70 0.65 0.70 0.66 0.63
5,000 061 1745 9.03 398 129 095 0.78 0.78 0.70 0.65 0.70 0.66 0.63

10,000 061 1745 9.03 398 129 095 0.78 0.78 0.70 0.65 0.70 0.66 0.63
ACCIDENTS PER MILE PER YEAR—Curves with spiral transitions

400 009 251 126 054 018 0.13 011 0.11 0.10 0.09 0.10 0.09 0.09
1,000 0.22 6.28 3.20 136 045 0.33 0.27 0.28 0.25 0.23 0.25 0.24 0.23
3,000 0.67 18.83 9.61 4.08 135 0.99 0.80 0.83 0.74 0.68 0.75 0.71 0.68
5,000 1.12 31.2816.02 6.81 226 1.64 1.34 138 123 1.14 1.25 1.18 1.13

10,000 224 62.77 32.05 13.61 451 329 2.67 277 246 227 250 235 226
ACCIDENTS PER MILLION VEHICLE-MILES—Curves with spiral transitions

400 0.61 17.20 878 3.73 124 0.90 0.73 0.76 0.67 0.62 0.69 0.64 0.62
1,000 0.61 17.20 878 3.73 124 0.90 0.73 0.76 0.67 0.62 0.69 0.64 0.62
3,000 0.61 17.20 878 3.73 124 0.90 0.73 0.76 0.67 0.62 0.69 0.64 0.62
5,000 0.61 17.20 878 3.73 124 0.90 0.73 0.76 0.67 0.62 0.69 0.64 0.62

10,000 0.61 17.20 878 3.73 124 0.90 0.73 0.76 0.67 0.62 0.69 0.64 0.62

Conversion: 1ft=0.305m; 1 mi=1.61 km



Table 10. Sensitivity of Safety to Horizontal Curve Superelevation Deficiency on

Roadway Segments.
Curve Length = Curve Length = Curve Length = Curve Length = 2,000
100 ft 500 ft 1,000 ft ft
Curve Radius = Curve Radius = Curve Radius = Curve Radius = 2,000
200 ft 1,000 ft 2,000 ft ft
Superelevation Superelevation Superelevation Superelevation
Deficiency Deficiency Deficiency Deficiency

ADT

(veh/day) 0.00 0.02 0.04 0.00 0.02 0.04 0 0.02 0.04 0 0.02 0.04
ACCIDENTS PER MILE PER YEAR

400 132 140 147 0.14 0.15 0.16 0.10 0.11 o011 0.10 0.10 0.11
1,000 3.29 349 3.68 0.35 0.37 0.39 0.26 0.27 0.29 0.24 0.25 0.27
3,000 9.87 10.46 11.05 1.04 110 117 0.77 0.81 0.86 0.72 0.76 0.81
5,000 16.45 17.44 18.42 174 184 194 128 135 1.43 120 127 1.34

10,000 32.90 34.88 36.85 347 3.68 3.89 255 270 2.86 240 254 2.68
ACCIDENTS PER MILLION VEHICLE-MILES

400 9.01 955 1010 095 1.01 1.06 0.70 0.74 0.78 0.66 0.70 0.74
1,000 9.01 955 1010 095 1.01 1.06 0.70 0.74 0.78 0.66 0.70 0.74
3,000 9.01 955 1010 095 1.01 1.06 0.70 0.74 0.78 0.66 0.70 0.74
5,000 9.01 955 1010 095 1.01 1.06 0.70 0.74 0.78 0.66 0.70 0.74

10,000 9.01 955 1010 095 1.01 1.06 0.70 0.74 0.78 0.66 0.70 0.74
Conversion: 1 ft =0.305 m; 1 mi = 1.61 km

Grade
Table 11 illudtrates the sengitivity of safety to roadway grades. The table showsthat, as aso

indicated in table 4, steeper grades increase accidents by 1.6 percent per 1-percent increasein
grade.
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Table11. Sensitivity of Safety to Percent Grade on Roadway Segments.

Percent Grade

ADT 0 2 4 6 8
(veh/day) BASE
ACCIDENTS PER MILE PER YEAR
400 0.09 0.09 0.10 0.10 0.10
1,000 0.22 0.23 0.21 0.25 0.25
3,000 0.67 0.69 0.72 0.74 0.76
5,000 1.12 1.16 1.20 1.23 1.27
10,000 2.24 2.32 2.39 2.47 2.55
ACCIDENTS PER MILLION VEHICLE-MILES

400 0.61 0.63 0.66 0.68 0.70
1,000 0.61 0.63 0.66 0.68 0.70
3,000 0.61 0.63 0.66 0.68 0.70
5,000 0.61 0.63 0.66 0.68 0.70
10,000 0.61 0.63 0.66 0.68 0.70

Conversion: 1 mi = 1.61 km

Driveway Density

Table 12 presents the sensitivity of safety to driveway dendty for roadway segmentswhile dl
other factors remain at their nomina or base conditions. The table shows that a roadway segment
with 19 driveways per km (30 driveways per mi) can experience up to four times as many
accidents as a Smilar roadway segment with no driveways. The sengtivity of safety to driveway
dengty isgreater a lower ADTsthan a higher ADTS, dthough the absolute magnitudes of the
predicted accident frequencies a low ADT are very low. Nevertheless, it might be more
reasonable to expect greater sengitivity of accidents to driveways a higher ADTs than at lower
ADTs. Further research on thisissue would be desirable.

Table 12 dso shows the predicted accident frequency and accident rate for two-lane highway
sections with two-way |eft-turn lanes (TWLTLS). The AMF for TWLTLsis based on equations
(23) and (24). The accident reduction effectiveness of a TWLTL ranges from 2 to 23 percent asa
function of driveway density.
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Table 12. Sensitivity of Safety to Driveway Density on Roadway Segments.

Driveway Density (driveways per mi)

ADT 0 5 10 15 20 25 30
(veh/day) BASE
ACCIDENTS PER MILE PER YEAR

400 0.06 0.09 0.12 0.15 0.18 0.21 0.24
1,000 0.16 0.22 0.29 0.35 0.41 0.47 0.54
3,000 0.54 0.67 0.81 0.94 1.08 1.21 1.34
5,000 0.95 1.12 1.30 1.47 1.65 1.82 2.00

10,000 2.04 2.24 2.45 2.65 2.85 3.05 3.25
ACCIDENTS PER MILLION VEHICLE-MILES

400 0.41 0.61 0.82 1.03 1.23 1.44 1.64
1,000 0.44 0.61 0.79 0.96 1.13 1.30 1.47
3,000 0.49 0.61 0.74 0.86 0.98 1.11 1.23
5,000 0.52 0.61 0.71 0.81 0.90 1.00 1.10

10,000 0.56 0.61 0.67 0.73 0.78 0.84 0.89
ACCIDENTS PER MILE PER YEAR—WITH TWLTL?

400 0.06 0.09 0.11 0.13 0.15 0.17 0.18
1,000 0.16 0.22 0.27 0.31 0.34 0.38 0.41
3,000 0.54 0.66 0.75 0.83 0.90 0.97 1.04
5,000 0.95 1.10 1.21 1.30 1.38 1.46 1.54

10,000 2.04 2.19 2.28 2.33 2.38 2.44 2.50
ACCIDENTS PER MILLION VEHICLE—MILES?®

400 0.41 0.60 0.76 0.90 1.03 1.15 1.26
1,000 0.44 0.60 0.73 0.84 0.94 1.04 1.13
3,000 0.49 0.60 0.69 0.76 0.82 0.88 0.95
5,000 0.52 0.60 0.66 0.71 0.76 0.80 0.84

10,000 0.56 0.60 0.62 0.64 0.65 0.67 0.69

Conversion: 1 mi = 1.61 km

Passing Lanes

Table 13 presents the sensitivity of safety to passing lanes and short four-lane sections on
roadway segments. The table shows that, as explained in section 4 of thisreport, ingalation of
passing lanes to increase passing opportunities reduces accidents by 25 percent and installation of
short four-lane sections to increase passing opportunities reduces accidents by 35 percent.
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Table 13. Sensitivity of Safety to Presence of Passing Lanesand Short Four-Lane
Sections on Roadway Segments.

Passing Lane Short Four-Lane
Present ? Section Present ?
ADT No Yes No Yes
(veh/day) BASE BASE
ACCIDENTS PER MILE PER YEAR
400 0.09 0.07 0.09 0.06
1,000 0.22 0.17 0.22 0.15
3,000 0.67 0.50 0.67 0.44
5,000 1.12 0.84 1.12 0.73
10,000 2.24 1.68 2.24 1.46
ACCIDENTS PER MILLION VEHICLE-MILES
400 0.61 0.46 0.61 0.40
1,000 0.61 0.46 0.61 0.40
3,000 0.61 0.46 0.61 0.40
5,000 0.61 0.46 0.61 0.40
10,000 0.61 0.46 0.61 0.40

Conversion: 1 mi=1.61 km
Roadside Design

Table 14 presents the sensitivity of safety to roadside hazard rating on roadway segments
while dl other factors are held at their nomina or base conditions. The table shows that roadside
hazard rating can increase total accident frequency by up to 50 percent over the full range of
roadside hazard ratings.

Table 14. Sensitivity of Safety to Roadside Hazard Rating on Roadway Segments.

Roadside hazard rating

ADT 1 2 3 4 5 6 7
(veh/day) BASE
ACCIDENTS PER MILE PER YEAR
400 0.08 0.08 0.09 0.10 0.10 0.11 0.12
1,000 0.20 0.21 0.22 0.24 0.26 0.27 0.29
3,000 0.59 0.63 0.67 0.72 0.77 0.82 0.88
5,000 0.98 1.05 1.12 1.20 1.26 1.37 1.47
10,000 1.96 2.10 2.24 2.40 2.56 2.74 2.93
ACCIDENTS PER MILLION VEHICLE-MILES

400 0.54 0.58 0.61 0.66 0.70 0.75 0.80
1,000 0.54 0.58 0.61 0.66 0.70 0.75 0.80
3,000 0.54 0.58 0.61 0.66 0.70 0.75 0.80
5,000 0.54 0.58 0.61 0.66 0.70 0.75 0.80
10,000 0.54 0.58 0.61 0.66 0.70 0.75 0.80

Conversion: 1 mi = 1.61 km
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Combinations of Geometric Design and Traffic Control Features

Table 15 presents the sengitivity of safety to extreme combinations of geometric design and
traffic control festures. The low accident frequency combination represents the “best” combination
of features conddered in the previous sengtivity analyses. Specificaly, this low accident frequency
combination includes:

e Lanesthat are 3.6-m (12-ft).

*  Paved shouldersthat are 2.4-m (8-ft).

*  Tangent roadway.

* Leve grade (0 percent).

* Nodriveways.

* Roadsde hazard rating = 1.

*  Short four-lane sections used to increase passing opportunities.

The accident frequencies and rates shown in the table represent levels that are unlikely to be
improved further through geometric design or traffic control modifications.

By contragt, the high accident frequency combination represents the “worst” combination of
features congdered in the previous senstivity analyses. Specificaly, the high accident frequency
combination includes:

* Lanesthat are 2.7-m (9-ft).

* Noshoulders.

*  Horizontd curve with length of 31 m (100 ft), radius of 31 m (100 ft), no spird trangtion
curve, and a superelevation deficiency of 0.04.

*  An8-percent grade.

*  Nineteen driveways per km (30 driveways per mi).

* Roadsdehazardrating=7.

*  No passing lanes or short four-lane sections.

The accident frequencies and rates shown in the table are extremely high, but the combination of

geometric and traffic control features they represent is so extreme thet it isunlikely to exist inthe
rea world.
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Table 15. Sensdtivity of Safety to Extreme Combinations of Geometric Design and Traffic
Control Features.

ADT Low-Accident Frequency High-Accident Frequency
(veh/day) Combination? Combination?
ACCIDENTS PER MILE PER YEAR

400 0.03 11.87
1,000 0.09 29.59
3,000 0.29 87.35
5,000 0.51 129.87
10,000 1.11 211.25
ACCIDENTS PER MILLION VEHICLE-MILES
400 0.23 81.31
1,000 0.25 81.07
3,000 0.27 79.77
5,000 0.28 71.16
10,000 0.30 57.88

Conversion: 1 mi = 1.61 km

2These combinations of geometric design and traffic control features are defined in the accompanying
text.

Three-Leg STOP-Controlled Intersections

A sengitivity anadyss was performed with the accident prediction agorithm for three-leg
STOP-controlled intersections. The nomind or base condition for this analyss conssted of the
following geometric design conditions:

*  No magor-road |€eft- or right-turn lanes.
*  No skew angle (90-degree intersection angles).
* Nointersection Sght distance deficiencies.

The accident frequencies per year for this condition for various combinations of mgor- and
minor-road ADT are shown in table 16. Table 16 aso shows the predicted accident frequencies
for various combinations of mgor-road left- and right-turn lanes. Asindicated in table 5 ingtdlation
of amagor-road left-turn lane at athree-leg STOP-controlled intersection is expected to reduce
accident frequency by 22 percent. Ingtdlation of a mgor-road right-turn lane is expected to
reduce accident frequency by 5 percent.

Table 17 presents the sengitivity of safety to skew-angle for three-leg STOP-controlled
intersections. A skew angle of 10 degrees resultsin an accident frequency 4 percent higher than a
90-degree intersection, while a skew angle of 45 degrees results in an accident frequency 20
percent higher than a 90-degree intersection.
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Table 18 presents the sengitivity of safety to of intersection sight distance limitations at three-let
STOP-controlled intersections. Asindicated in section 4 of this report, intersection sight distance
limitations can increase accident frequency by 5 percent per quadrant.

Table 16. Sensitivity of Safety to Major-Road Turn Lanesat Three-Leg
STOP-Controlled Intersections.

One LTL &
|Major-road ADT  Minor-road No TLs One LTL One RTL  one RTL
(veh/day) ADT (veh/day) BASE
ACCIDENTS PER YEAR
400 50 0.01 0.01 0.01 0.01
100 0.02 0.02 0.02 0.01
400 0.04 0.03 0.04 0.03
1,000 100 0.04 0.03 0.04 0.03
500 0.09 0.07 0.09 0.07
1,000 0.13 0.10 0.12 0.09
3,000 100 0.10 0.08 0.09 0.07
500 0.22 0.17 0.21 0.16
1,000 0.30 0.24 0.29 0.23
3,000 0.52 0.41 0.50 0.39
5,000 100 0.15 0.11 0.14 0.11
500 0.32 0.25 0.31 0.24
1,000 0.46 0.36 0.43 0.34
3,000 0.78 0.61 0.74 0.58
5,000 1.00 0.78 0.95 0.74
10,000 100 0.25 0.20 0.24 0.19
500 0.56 0.44 0.53 0.42
1,000 0.79 0.61 0.75 0.58
3,000 1.35 1.05 1.28 1.00
5,000 1.73 1.35 1.65 1.28
10,000 2.43 1.90 2.31 1.80

Note: TL=turn lane; LTL=left-turn lane; RTL=right-turn lane.
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Table 17. Sensitivity of Safety to Skew Anglesat Three-Leg STOP-Controlled

I nter sections.
Major-road Minor-road Skew angle (degrees)
ADT ADT 0 10 15 30 45
(veh/day) (veh/day) BASE
ACCIDENTS PER YEAR
400 50 0.01 0.01 0.01 0.01 0.01
100 0.02 0.02 0.02 0.02 0.02
400 0.04 0.04 0.04 0.05 0.05
1,000 100 0.04 0.04 0.04 0.05 0.05
500 0.09 0.09 0.10 0.10 0.11
1,000 0.13 0.14 0.14 0.15 0.16
3,000 100 0.10 0.10 0.11 0.11 0.12
500 0.22 0.23 0.23 0.25 0.26
1,000 0.30 0.31 0.32 0.34 0.36
3,000 0.52 0.54 0.55 0.59 0.62
5,000 100 0.15 0.16 0.16 0.17 0.18
500 0.32 0.34 0.34 0.37 0.39
1,000 0.46 0.47 0.48 0.51 0.55
3,000 0.78 0.81 0.83 0.88 0.94
5,000 1.00 1.04 1.06 1.13 1.20
10,000 100 0.25 0.26 0.27 0.28 0.30
500 0.56 0.58 0.59 0.63 0.67
1,000 0.79 0.82 0.84 0.89 0.94
3,000 1.35 1.40 1.43 1.52 1.61
5,000 1.73 1.80 1.84 1.95 2.07
10,000 2.43 2.53 2.58 2.74 2.91
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Table 18. Sengitivity of Safety to Limited I nter section Sight Distance at Three-Leg
STOP-Controlled I nter sections.

Major-road Minor-road Number of quadrants with limited ISD
ADT ADT 0 1 2
(veh/day) (veh/day) BASE
ACCIDENTS PER YEAR
400 50 0.01 0.02 0.02
100 0.02 0.02 0.02
400 0.04 0.04 0.04
1,000 100 0.04 0.04 0.05
500 0.09 0.10 0.10
1,000 0.13 0.13 0.14
3,000 100 0.10 0.10 0.11
500 0.22 0.23 0.24
1,000 0.30 0.32 0.33
3,000 0.52 0.55 0.57
5,000 100 0.15 0.15 0.16
500 0.32 0.34 0.36
1,000 0.46 0.48 0.50
3,000 0.78 0.82 0.86
5,000 1.00 1.05 1.10
10,000 100 0.25 0.27 0.28
500 0.56 0.59 0.62
1,000 0.79 0.83 0.87
3,000 1.35 1.42 1.48
5,000 1.73 1.82 1.91
10,000 2.43 2.55 2.68

Note: ISD = intersection sight distance.
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Four-Leg STOP-Controlled Intersections

A sengitivity andyss was performed with the accident prediction agorithm for four-leg STOP-
controlled intersections. The nomind or base condition for this andys's conssted of the following
geometric design conditions:

*  No magor-road |€eft- or right-turn lanes.
*  No skew-angle (90-degree intersection angle).
*  Nointersection sght distance deficiencies.

The accident frequencies per year for this condition for various combinations of mgor- and
minor-road ADT are shown in table 19. Table 19 aso shows the predicted accident frequencies
for various combinations of mgjor-road left- and right turn lanes. Asindicated in Table 5, asingle
magor-road |eft-turn lane at afour-leg STOP-controlled intersection is expected to reduce accident
frequency by 24 percent and two major-road |eft turn lanes are expected to reduce accident
frequency by 42 percent. A single mgor-road right-turn lane would reduce accident frequency by
5 percent and two magjor-road right-turn lanes would reduce accident frequency by 10 percent.

Table 20 presents the sengtivity of safety to intersection skew angle for four-leg STOP-
controlled intersections. A skew angle of 10 degrees results in an accident frequency 6 percent
higher than a 90-degree intersection, while a skew angle of 45 degrees results in an accident
frequency 28 percent higher than a 90-degree intersection.

Table 21 presents the sengitivity of safety to deficiencies of intersection Sght distance at four-
leg STOP-controlled intersections. Asindicated in section 4 of thisreport, intersection sight
distance deficiencies can increase accident frequency by 5 percent per quadrant.

Four-Leg Signalized Intersections

A sengtivity was performed with the accident prediction agorithm for four-leg sgndized
intersections. The nomind or base condition for thisandys's conssted of afour-leg Sgndized
intersection with no major-road left- or right-turn lanes. The accident frequencies per year for this
condition for various combinations of mgor- and minor-road ADT are shown intable 22. Table
22 dso shows predicted accident frequencies for various combinations of mgjor-road left- and
right-turn lanes. Asindicated in table 5, a angle mgor-road |eft-turn lane a afour-leg sgndized
intersection is expected to reduce accident frequency by 18 percent and two magjor-road left-turn
lanes are expected to reduce accident frequency by 33 percent. By contrast, a Single mgor-road
right-turn lane would reduce accident frequency by 2.5 percent and two mgjor-road right-turn
lanes would reduce accident frequency by 5 percent.

The predicted accident frequency at afour-leg sgnalized intersection is not sengitive to
intersection skew angle or intersection sight distance limitations.
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Table 19. Sengitivity of Safety to Major-Road Turn Lanesat Four-L eg STOP-Controlled

I nter sections.
One One One Two
Major-Road Minor-Road LTL& LTL& RTL& LTLs &
ADT ADT No TLs One Two One Two One Two Two Two

(veh/day)  (veh/day) BASE LTL LTLs RTL RTLs RTL RTLs LTLs RTLs

ACCIDENTS PER YEAR

400 50 0.03 0.02 0.02 0.03 0.03 0.02 0.02 0.02 0.02
100 0.05 0.04 0.038 0.05 0.05 0.04 0.03 0.03 0.03

400 0.12 0.09 0.07 0.12 0.11 0.09 0.08 0.07 0.06

1,000 100 0.09 0.07 0.05 0.09 0.08 0.06 0.06 0.05 0.05
500 0.25 0.19 0.15 0.23 0.22 0.18 0.17 0.14 0.13

1,000 0.37 0.28 0.21 0.36 0.34 0.27 0.25 0.20 0.19

3,000 100 0.18 0.14 0.10 0.17 0.16 0.13 0.12 0.10 0.09
500 0.47 0.36 0.27 0.45 043 034 0.32 0.26 0.25

1,000 0.72 0.55 0.42 0.69 0.65 0.52 0.49 0.40 0.38

3,000 1.42 1.08 0.82 1.35 127 1.03 0.97 0.78 0.74

5,000 100 0.24 0.18 0.14 0.23 0.22 0.17 0.16 0.13 0.13
500 0.64 0.46 0.37 0.61 0.58 0.46 0.44 0.35 0.33

1,000 0.98 0.74 0.57 0.94 089 071 0.67 0.54 0.51

3,000 1.92 1.46 111 1.83 1.73 1.39 1.31 1.06 1.00

5,000 2.63 2.00 1.53 2.50 236 1.90 1.80 1.45 1.37

10,000 100 0.37 0.28 0.21 0.35 0.33 0.27 0.25 0.20 0.19
500 0.98 0.74  0.57 0.93 0.88 0.71 0.67 0.54 0.51

1,000 1.49 1.13 0.86 1.42 134 1.08 1.02 0.82 0.78

3,000 2.92 2.22 1.69 2.77 262 211 2.00 1.61 152

5,000 3.98 3.02 231 3.78 3.58 287 2.72 2.19 2.08

10,000 6.08 4.63 3.53 5.77 547 439 416 3.35 3.17

Note: TL=turn lane; LTL=left-turn lane; RTL=right-turn lane.
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Table 20. Sensitivity of Safety to Skew Angle at Four-Leg STOP-Controlled

I nter sections.
Skew Angle (degrees)
Major-Road ADT Minor-Road ADT 0 10 15 30 45
(veh/day) (veh/day) BASE
ACCIDENTS PER YEAR
400 50 0.03 0.04 0.04 0.04 0.04
100 0.05 0.06 0.06 0.06 0.07
400 0.12 0.13 0.13 0.15 0.16
1,000 100 0.09 0.10 0.10 0.11 0.12
500 0.25 0.26 0.27 0.29 0.31
1,000 0.37 0.40 0.41 0.44 0.48
3,000 100 0.18 0.19 0.19 0.21 0.23
500 0.47 0.50 0.51 0.56 0.61
1,000 0.72 0.76 0.74 0.85 0.92
3,000 1.42 1.49 1.54 1.66 1.81
5,000 100 0.24 0.25 0.26 0.28 0.31
500 0.64 0.68 0.70 0.76 0.82
1,000 0.98 1.04 1.07 1.16 1.25
3,000 1.92 2.03 2.09 2.26 2.45
5,000 2.63 2.71 2.85 3.09 3.35
10,000 100 0.37 0.39 0.40 0.43 0.47
500 0.98 1.03 1.06 1.15 1.25
1,000 1.49 1.57 1.62 1.75 1.90
3,000 2.92 3.08 3.16 3.43 3.72
5,000 3.98 4.20 4.32 4.68 5.08
10,000 6.08 6.41 6.59 7.15 7.75
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Table 21. Sensitivity of Safety to Limited I ntersection Sight Distance Deficiencies at
Four-Leg STOP-Controlled I ntersections.

Number of quadrants with limited ISD

Major-Road Minor-Road
ADT ADT 0 1 2 3 4
(veh/day) (veh/day) BASE
ACCIDENTS PER YEAR
400 50 0.03 0.04 0.04 0.04 0.04
100 0.05 0.06 0.06 0.06 0.06
400 0.12 0.13 0.14 0.14 0.15
1,000 100 0.09 0.10 0.10 0.11 0.11
500 0.25 0.26 0.27 0.28 0.29
1,000 0.37 0.39 0.41 0.43 0.45
3,000 100 0.18 0.19 0.20 0.20 0.21
500 0.47 0.50 0.52 0.55 0.57
1,000 0.72 0.76 0.80 0.83 0.87
3,000 1.42 1.49 1.56 1.63 1.70
5,000 100 0.24 0.25 0.27 0.28 0.29
500 0.64 0.68 0.71 0.74 0.77
1,000 0.98 1.03 1.08 1.13 1.18
3,000 1.92 2.02 2.12 2.21 2.31
5,000 2.63 2.76 2.89 3.02 3.15
10,000 100 0.37 0.38 0.40 0.42 0.44
500 0.98 1.03 1.08 1.12 1.17
1,000 1.49 1.57 1.64 1.72 1.79
3,000 2.92 3.06 3.21 3.35 3.50
5,000 3.98 4.18 4.38 4.58 4.78
10,000 6.08 6.38 6.68 6.99 7.29
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Table22. Sengtivity of Safety to Major-Road Turn Lanesat Four-Leg Signalized

I nter sections.
One One One Two
Major-Road Minor-Road LTL& LTL& RTL& LTLs&
ADT ADT No TLs One Two One Two One Two Two Two

(veh/day)  (veh/day) BASE LTL LTLs RTL RTLs RTL RTLs LTLs RITLs

ACCIDENTS PER YEAR

400 50 026 0.21 017 025 0.25 021 020 0.17 0.16
100 0.30 0.24 020 029 0.28 024 023 0.19 0.19

400 0.39 0.32 026 038 0.37 031 031 0.26 0.25

1,000 100 051 042 0.34 050 049 041 040 0.34 0.33
500 0.71 0.58 048 069 0.67 057 055 046 0.45

1,000 0.82 0.67 055 080 0.77 0.65 0.64 0.53 0.52

3,000 100 099 0.82 0.67 097 0.95 080 0.78 0.65 0.63
500 137 113 092 134 130 1.10 1.07 0.90 0.87

1,000 158 1.29 1.06 154 150 126 123 1.03 1.00

3,000 196 161 132 192 187 157 153 1.28 1.25

5,000 100 135 111 091 132 1.28 1.08 1.05 0.88 0.86
500 1.87 153 125 182 177 149 145 122 1.19

1,000 214 176 144 209 204 1.71 167 140 1.36

3,000 267 219 1.79 260 254 213 208 1.74 1.70

5,000 296 242 198 288 281 236 230 193 1.88

10,000 100 205 1.68 1.37 200 1.95 164 160 1.34 1.30
500 283 232 1.89 276 269 226 220 185 1.80

1,000 3.25 2.66 218 317 3.08 260 253 212 2.07

3,000 405 332 271 394 384 323 315 264 2.57

5,000 448  3.67 3.00 437 4.26 358 349 293 2.85

10,000 5.15 4.22 345 502 489 411 401 3.36 3.28

Note: TL=turn lane; LTL=left-turn lane; RTL=right-turn lane.
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6. IMPLEMENTATION OF THE ACCIDENT PREDICTION
ALGORITHM WITHIN THE IHSDM

The accident prediction dgorithm is intended to help the user to make unbiased estimates of
the expected safety performance for any given geometric design dternative for a specific highway
improvement project. Complete evauation of one or more proposed geometric design dternatives
for aparticular project will require the user to determine, for comparative purposes, both the safety
performance of the current design and the expected future safety performance of that current design
if nothing is done to change the roadway (the “do nothing” or “basding’ dternative).

This section of the report describes the implementation of the accident prediction agorithm
within the IHSDM. Procedures are presented by which the algorithm can be used to make
unbiased estimates of the:

*  Expected safety performance of one or more geometric design dternatives for a planned
roadway that has not yet been constructed.

*  Recent or current safety performance of an existing roadway considering both the
predicted safety performance of the roadway and its observed accident history.

*  Expected safety performance of the existing roadway in the future if the geometrics are
left unchanged (the ADT may change, of course).

*  Expected safety performance of one or more proposed geometric design aternatives for
improving the existing roadway.

This section describes two methods for producing these estimates—one without and one with
consderation of site-gpecific accident history data for the project of interest. The first procedure
described is used when no Ste-gpecific accident history data are available. Thisfirst procedureis
gpplicable to planned roadway's that have not yet been constructed and to existing roadways
where, for whatever reason, Ste-specific accident history data are not avallable to the analyst. The
second procedure described is used when site-specific accident history are available. This
procedure incorporates an Empirical Bayes (EB) approach to combining estimates from the
accident prediction agorithm and ste-specific accident history data. Examples of the EB
procedure are presented later in this section.

Site-specific accident history data make an important contribution to increasing the accuracy
of predictions of the expected safety performance of highway facilities. Therefore, the andyst
should seek to obtain and use Ste-gpecific accident history data and apply the EB procedure
whenever possible.

The procedures presented here can be applied to any existing two-lane highway or to any
two-lane highway improvement project that retains the basic two-lane character of the facility.

69



Two-lane highway improvements eva uated with these procedures can include addition of athird or
fourth lane over a short distance to improve passing opportunities on the highway. Thus, the
procedures can evauate passing lanes that create a three-lane cross section and short four-lane
sections that are operationally equivaent to side-by-side passing lanes. Such added lanes do not
normaly exceed 3.2 km (2 mi) in length. The procedures do not address widening of atwo-lane
highway to afour-lane cross section for an extended length. It is hoped that gppropriate
procedures for four-lane highways will be developed in the future so that analysis of two-lane to
four-lane widening projects will be possble within the IHSDM.

Accident Prediction When Site-Specific Accident History Data
are not Available

The accident prediction adgorithm is intended to estimate the expected accident frequency for
any specified geometric design adternative and for any specified evauation period. The specified
geometric design dternative to which the agorithm is applied can be ether the existing roadway
(i.e, the “do-nothing” aternative), a proposed geometric design improvement to the existing
roadway, or a proposed roadway that has not yet been constructed. Thisfirst procedure is
gpplicable only to a project for which no ste-specific accident history data are available. The
agorithm can be used to compare the expected safety performance of severd geometric
dternatives by gpplying the agorithm separately to each dternative for the same eva uation period
and comparing the results. When no site-specific accident history data are available, the duration
of the evauation period may be one year or any multiple of one year. The accident prediction
dgorithmisapplied in IHSDM to any specific geometric design dternative in a series of Sraight
forward steps, asfollows:

*  Step 1—Define the limits of the project and determine the geometrics of the project for
which the expected safety performanceisto be predicted.

*  Step 2—Dividethe project into individua homogeneous roadway segments and
intersections.

*  Step 3—Determine the geometric design and traffic control features for each individud
roadway segment and intersection.

e Sep 4—Determine the ADTsfor each roadway segment and intersection during each
year for which the expected safety performance isto be predicted.

*  Step 5—Sdect anindividua roadway segment or intersection for evauation. If there are
no more roadway segments or intersections to be evaluated, go to step 13.
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«  Step 6—Sdect aparticular year of the specified evauation period for the roadway
segment or intersection of interest. If there are no more years to be evauated for that
roadway segment or intersection, go to step 12.

Step 7—Apply the appropriate base modd to determine the predicted accident
frequency for nomind or base conditions for the selected year.

*  Step 8—Multiply the result obtained in step 7 by the appropriate calibration factor for a
specific State or geographica region.

*  Step —Multiply the result obtained in step 8 by the appropriate AMFs representing
safety differences between the nomina or base conditions and the actual geometrics and
traffic control of the roadway segment or intersection.

*  Step 10—Edtimate the expected distribution accident severities and accident types for the
roadway segment or intersection from the default distributions of accident severity and
accident type.

*  Step 11—1If thereis another year to be evaluated for the selected roadway segment or
intersection, return to step 6. Otherwise, proceed to step 12.

*  Step 12—If thereis another roadway segment or intersection to be evauated, return to
step 5. Otherwise, proceed to step 13.

o Step 13—Summarize and present the predictions in useful formats for the IHSDM user.

Figure 5 presents aflow diagram of the accident prediction dgorithm incorporating these
steps. Each of these stepsis described below:

Sep 1—Define the limits of the project and determine the geometrics of the project for
which the expected safety performance is to be predicted.

The project evaluated can represent elther an existing roadway or a design dternative for a
proposed improvement project. The geometric design features of the project and the traffic control
at each intersection must be documented. The geometric design features are determined from
ether aplan of the existing roadway available in the CAD system or from data entered by the user.
If CAD data are to be used, a program must be developed to interrogate the CAD file, determine
the geometrics of the project, and store those geometric data in aformat that can be used by
IHSDM.
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Step 1
Define project limits

Step 2

Divide projectinto roadway
segments and intersections

Step 3 l
Determine geometric
design and traffic control
data for roadway
segments
and intersections

Step 4 j

Determine ADTs for

roadway segments
and intersections

Step 5 l

Select aroadway segment
or intersection

Step 6 l
Select a year of the
evaluation period
to be processed

Step 7 ¢
| Apply base model |

Step 8 l
| Apply calibration factor |

Step 9 l
Apply AMFs |

Step 10

Estimate accident
severity distribution and
accident type distribution

Summarize and present final
predicted values to user

Figure5. Flow Diagram of the Accident Prediction Algorithm When No Site-Specific
Accident History Data Are Available.
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Sep 2—Divide the project into individual homogeneous roadway segments and
inter sections.

The next sep isto divide the project into individual homogeneous roadway segments and
intersections. The roadway must be divided into homogeneous segments. A new homogeneous
segment begins a each intersection where the vaue of one of the following variables changes:

OO OO OO

Average daly traffic volume (vehVday).
Lane width.

Shoulder width.

Shoulder type.

Driveway dendty (driveways per mile).
Roadside hazard rating.

Also, anew andyss section garts a any of the following locations:

I ntersection.

Beginning or end of a horizonta curve.

Point of verticd intersection (PV1) for acrest vertica curve, asag verticd curve, or an
angle point at which two different roadway grades mest.

Beginning or end of a passing lane or short four-lane section provided for the purpose of
increasing passing opportunities.

Beginning or end of a center two-way left-turn lane.

Sep 3—Determine the geometric design and traffic control features for each individual
roadway segment and intersection.

For each roadway segment, the following geometric and traffic control feastures must be
quantified:

OO OO OO OO

Length of segment (mi).

ADT (veh/day).

Lane width (ft).

Shoulder width (ft).

Shoulder type (paved/gravel/composite/turf).

Presence or absence of horizontal curve (curve/tangent).

Length of horizontal curve (mi), if the segment islocated on acurve. [This representsthe
totd length of the horizonta curve, even if the curve extends beyond the limits of the
roadway segment being anayzed.]

Radius of horizontd curve (ft), if the segment islocated on a curve,

Presence or abosence of spird trangition curve, if the segment islocated on acurve. [This
represents the presence or absence of a spira transition curve at the beginning and end of
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the horizonta curve, even if the beginning and/or end of the horizonta curve are beyond
the limits of the segment being andyzed.]
C  Superdevation of horizonta curve, if the ssgment is located on a horizonta curve.
Grade (percent), considering each grade as a straight grade from PVI to PVI (i.e,
ignoring the presence of vertica curves).
Driveway dendty (driveways per mi).
Presence or absence of apassing lane to increase passing opportunities.
Presence or absence of a short four-lane Section to increase passing opportunities.
Presence or absence of atwo-way |eft-turn lane.
Roadside hazard rating.

D

O OO OO

For each intersection, the following geometric and traffic control features must be quantified:

C  Number of intersection legs (3 or 4).

C  Typeof traffic control (minor-road STOP, dl-way STOP, minor-road YIELD control, or
sgnd).

C  Intersection skew angle (degrees departure from 90 degrees, with a+ or - Sgn indicating
the direction of the departure).

C  Number of mgor-road approaches with intersection left-turn lanes (O, 1, or 2).

C  Number of mgor-road approaches with intersection right-turn lanes (0, 1, or 2).

C  Number of intersection quadrants with deficient intersection sight distance (O, 1, 2, 3, or
4).

The vaues of these geometric and traffic control parameters for roadway segments and
intersections will be determined from the CAD system, from exigting datafiles, or from data
supplied by the user.

Sep 4—Determine the ADTs for each roadway segment and inter section during each year
for which the expected safety performanceisto be predicted.

For each roadway segment and for the major- and minor-road approaches to each
intersection, ADT data are needed for each year of the period to be evauated. Idedly, these ADT
datawill dreedy be available in afile or they will be entered by the user. If ADTs are available for
every roadway segment, the mgjor-road ADTs for intersection gpproaches can be determined
without additiona data being supplied by the user. If the ADTs on the two mgor-road legs of an
intersection differ, the average of the two ADT vaues should be used for theintersection. For a
three-leg intersection, the user should enter the ADT of the minor-road leg. For afour-leg
Intersection, the user should enter the average of the ADTs for the two minor-road legs.

In many cases, it is expected that ADT data will not be avalable for dl years of the evauation
period. In that case, the analyst should interpolate or extrapolate as appropriate to obtain an
estimate of ADT for each year of the evadluation period. If the andyst does not do this, the
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following default rules are applied within the accident prediction agorithm to estimate the ADTs for
years for which the data are not available. If ADT data are available for only a single year, that
same vaueis assumed to apply to dl years of the before period. If two or more years of ADT
data are available, the ADTsfor intervening years are computed by interpolation. ADTsfor years
before the first year for which data are available are assumed to be equd to the ADT for that first
year; ADTsfor years after the last year for which data are available are assumed to be equd to the
last year (i.e., no extrgpolation is used by the adgorithm).

Sep 5—Select an individual roadway segment or intersection for evaluation. If thereare no
mor e roadway segments or intersections to be evaluated, go to step 13.

Roadway segments and intersections are evaluated one a atime. Steps 6 through 11,
described below, are repeated for each roadway segment and intersection.

Sep 6—Select a particular year of the specified evaluation period for the roadway segment
or intersection of interest. If there are no more yearsto be evaluated for that roadway
segment or intersection, go to step 12.

The individud years of the evauation period are evaluated one year a atime for any particular
roadway segment or intersection. Separate estimates are made for each year because severa of
the AMFs considered in step 9 are dependent on the ADT of the roadway segment or intersection,
which may change from year to year. Steps 7 through 10, described below, are repeated for each
year of the evaduation period as part of the evauation of any particular roadway segment or
intersection.

Sep 7—Apply the appropriate base model to determine the predicted accident frequency for
nominal or base conditions for the selected year.

The predicted accident frequency for nomind or base conditionsis determined with one of the
following base modds.

. Roadway segments . . ... Equetion (6).
*  Threeleg STOP-controlled intersections . .. ....... Equetion (8).
. Four-leg STOP-controlled intersections .......... Equation (10).
. Four-leg Sgndized intersections . ............... Equation (12).

The ADT(s) used in the base model should be the ADT(s) for the selected year of the evauation
period.
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Sep 8—Multiply the result obtained in step 7 by the appropriate calibration factor.

The cdlibration factors used in step 8 are the cdlibration factor for roadway segments (C,) and
the calibration factor for intersections (C;) discussed in section 3 and gppendix C of this report.

Sep —Multiply the result obtained in step 8 by the appropriate AMFs representing safety
differences between the nominal or base conditions and the actual geometrics and traffic
control of the roadway segment or intersection.

The AMFsfor roadway segments and intersections are those described in Section 4 of this
report. Steps 8 and 9 together implement equations (13) and (14).

Sep 10—Estimate the expected distribution of accident severities and accident types for the
roadway segment or intersection of interest from the default distributions of accident
severity and accident type.

The predictions of accident frequencies are supplemented by breaking down those frequencies
by accident severity and by accident type. This can provide the IHSDM user with grester inaght
about safety conditions within the project. The accident severity and accident type estimates are
based on the default distributions of accident severity and accident type presented in Tables 1 and
2, respectively. These default distributions may be changed by IHSDM users as part of the
calibration process.

Sep 11f thereisanother year to be evaluated for the selected roadway segment or
intersection, return to step 6. Otherwise, proceed to step 12.

This step creates aloop through steps 7 to 10 that is repeated for each year of the evaluation
period for each of the individua roadway segments and intersections within the project.
Sep 12—f there is another roadway segment or intersection to be evaluated, return to

step 5. Otherwise, proceed to step 13.

This step creates aloop through Steps 6 to 11 that is repeated for each roadway segment and
intersection within the project.
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Sep 13—ummarize and present the predictions in useful formats for the IHSDM user.

Inthe find step, the predicted accident frequencies are summarized and presented in useful
formats for IHSDM users. The data presented include, & a minimum:

C  Accident frequencies for the project as awhole including:

--  Tota accident frequency.
--  Accident frequency by severity levd.
--  Accident frequency by accident type.

C  Accident frequenciesfor individua roadway segments and intersections, expressed as
accident rates per mi per year or accident rate per million veh-mi for roadway segments
and accident rates per million entering vehicles for intersections, so that accident “hot
spots’ that might be corrected through design improvements are evident.

Estimated accident frequencies could also be broken down by individud years of the
evauation period. However, thisisnot normally done because the combined estimates across dll
years of the evauation period are generdly of greatest interest to safety andlysts. Predicted
accident frequencies for amultiyear period are likely to be more accurate than predicted accident
frequencies for any particular year.

Accident Prediction When Site-Specific Accident History Data
are Available

Congderation of Ste-gpecific accident history dataiin the accident prediction agorithm
increases the accuracy of the predicted accident frequencies. When at least 2 years of ste-specific
accident history data are available for the project being evauated, and when the project meets
certain criteria discussed below, the accident history data should be used. When considering site-
Specific accident history data, the agorithm must congider both the existing geometric design and
traffic control for the project (i.e., the conditions that existed during the befor e period while the
accident history was accumulated) and the proposed geometric design and traffic control for the
project (i.e., the conditions that will exist during the after period, the future period for which
accident predictions are being made). The EB procedure discussed below provides a method to
combine predictions from the agorithm with Ste-specific accident history data.

77



Situations in Which the EB Procedure Should and Should Not
Be Applied

The applicability of the EB procedure depends on the availability of observed accident history
data and the type of improvement project being evaluated. If no observed accident history data
are available, application of the EB procedure is infeasible and should not be considered. If
observed accident history data are available, the applicability of the EB procedure depends on the
type of improvement project being evaluated.

The EB procedure should be applied for the following improvement types whenever observed
accident history data are available:

C

C

Sites a which the roadway geometrics and traffic control are not being changed (e.g., the
“do-nothing” dternative).

Projectsin which the roadway cross Section is modified but the basic number of lanes
remansthe same. Thiswould include, for example, projects for which lanes or shoulders
were widened or the roadside was improved, but the roadway remained arura two-lane
highway.

Projects in which minor changesin adignment are made, such as flatening individua
horizontal curves while leaving mogt of the dignment intact.

Projectsin which a passing lane or a short four-lane section is added to arura two-lane
highway to increase passing opportunities.

Any combination of the above improvements.

The EB procedure is not gpplicable to the following types of improvements:

C

Projects in which anew dignment is developed for at least 50 percent of the project
length. In this case, the procedure used when no site-specific accident hitory data are
available, as described above, should be applied because there is no reason why the
accident higtory of the old dignment should be used as a predictor of future accident
frequency on the new dignment. In others words, there is no reason to think that the new
roadway will have substantialy higher (or lower), accident experience, Smply because
the existing roadway has high (or low) accident experience. For casesin which the user
is concerned that a particular geographic area or corridor has higher or lower accident
experience than expected, a specia study may be performed to revise the cdibration
factor accordingly.
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C  Individud intersections a which the basc number of intersection legs or type of traffic
control is changed as part of aproject. The EB procedure can be applied to the rest of
any project containing such an intersection, but the intersection itsdf should be omitted.

The reason that the EB procedureis not used for these project typesis that the observed accident
datafor apast time period is not necessarily indicative of the accident experience that is likely to
occur in the future, after such amaor geometric improvement. When the EB procedure does not
apply, the accident prediction agorithm without the EB procedure (described earlier in this section
of the report) is used to determine the expected safety performance for a project during some
future time period. When the EB procedure does apply, the accident prediction agorithm,
including the EB procedure, is applied as described below.

Empirical Bayes Procedure

The EB procedure provides a methodology to combine the accident frequencies predicted by
the accident prediction agorithm (N ) with the accident frequency from the site-specific accident
history data (O). The EB procedure uses a weighted average of N, and O. This procedure
congtitutes Step 9 of the step-by-step methodology presented below. A previous application of the
EB methodology in before-and-after safety evaluations of intersections converted from STOP to
sgndized control is presented by Griffith, 0

The expected accident frequency considering both the predicted and observed accident
frequencies is computed as.

E, " w(N) % (1&w) O (32)

where:

expected accident frequency based on aweighted average of N, and N,;
Np number of accidents predicted by the accident prediction adgorithm during a
specified period of time (equa to N, for aroadway segment or N, for an
intersection);

weight to be placed on the accident frequency predicted by the accident
prediction dgorithm; and

O = number of accidents observed during a specified period of time.

<M
no

=
I

The weight placed on the predicted accident frequency is determined in the EB procedure as.

. 1

1% k(N (33)
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where:

k = overdisperson parameter of the relevant base modd of the accident prediction
dgorithm.

The formulation of Equation (33) shows an inverse reationship between the magnitude of the
accident frequency predicted by the dgorithm, N, and the weight, w. Therefore, asthe vaue of N,
predicted by the algorithm increases, the weight placed on N, decreases. This relationship implies
that the higher the expected accident frequency predicted by the dgorithm for a particular location,
the more the reliance that should be placed on the observed site-specific accident history and the
less the rdliance that should be placed on the modd predictionitself. By contrast, when the model
prediction is smaler, less reliance should be placed on the observed site-specific accident history
and greater reliance should be placed on the modd prediction.”

Table 23 shows the vaues of the overdisperson parameters (K) for the four base models used
in the accident prediction agorithm.

The EB procedure works best if the roadway segments and intersections to which it is gpplied
contain at least a gpecified minimum number of predicted accidents. The minimum accident
frequency needed for application of the EB procedureis generdly 1/k, where k isthe
overdisperson parameter of the relevant base model. 1n the accident prediction agorithm, this|/k
criterion is normally applied to the accident frequency for fatal and injury accidents because the
frequency of fata and injury accidents is usualy less than the frequency of property-damage-only
accidents and is dways less than or equal to the total accident frequency. Where the fatal and
Injury accident frequency of particular roadway segments or intersectionsis less than 1/k, such
segments and intersections may be aggregated into larger anadlyss units for application of the EB
procedure.

In the accident prediction algorithm, the EB procedureis applied separatdly to the totd
predicted and observed accident frequencies and to the predicted and observed frequencies for
two accident severity levels: fatd and injury accidents and property-damage-only accidents.
Because the EB procedure is applied separately, the predicted fatal and injury accident and
property-damage-only accident frequencies may not sum to the predicted total accident
frequencies. A proportiona adjustment to the predicted accident frequencies for the individua
severity levelsis made to correct this discrepancy.

" Equation (33) follows from the theoretical development of the EB approach by Hauer.®
Hauer defines the weight in the EB procedure as (1+Var{ €} /E{ €} )'!, where E{ €} isthe
expected mean accident frequency and Var{ €} isthe variance of accident frequency. The
expected mean accident frequency is best estimated by the model prediction, N,,. Negative
binomia regression modding is based on the assumption that Var{ &} =k(E{ &} )2. Therefore, it
followsthat the ratio Var{ &} /E{ €} can be estimated by k/N,, which leads to Equation (33).
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Table 23. Overdispersion Parametersfor Base M odels and Minimum Accident
Frequenciesfor EB Procedure.

Geometric element Overdispersion Parameter for Minimum accident frequency
base model (k) for EB procedure® (1/k)
Roadway segment 0.31 3
Three-leg STOP-controlled 054 5
intersection
Four-leg .STOP-controIIed 0.24 4
intersection
Four-leg IS|gnaI|zed 011 9
intersection

a Rounded for application in the EB procedure. Normally, this minimum accident frequency
criterion is applied in the EB procedure to the predicted fatal and injury accident frequency.

If an EB andysis unit combines roadway segments and intersections, or more than one type of
intersection, two additiona factors must be accounted for. Firgt, the overdispersion parameter, k,
in the denominator of equation (33) is no longer uniquely defined, because two or more base
modd s with differing overdisperson parameters must be consdered. Second, it can no longer be
assumed, asis normally done, that the expected numbers of accidents for the roadway segments
and intersections, or for the different types of intersections, are satisticaly correlated with one
another. Rather, an estimate of expected accidents should be computed based on the assumption
that the different entities are Satigtically independent (i=0) and on the dternative assumption that
they are perfectly corrdlated (fi=1). The expected accident frequency is then estimated asthe
average of the estimates for =0 and =1. The following equations implement this gpproach:

- 1
"o k N 206k . N 206k N 2%k .N 2
1o 10K N %Ko N %Ki N 3 (34)
N, JoN;; %N, %N,

Eo ™ Wo(NJoN; %N %N;5) % (1&wp)(O, HO;, %O;,%0;5) (35)

- 1

Wy

1% krsNrs%ENil%ENiz%ﬁNiB (36)

Nrs%Nil%NiZ%Nis
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E " w, (N, XN, %N;,%N;) % (1&w,)(O,H%0,,%0,,%0,,) (37)

.E%E

(38)

W, =  weight placed on predicted accident frequency when accident frequencies for
different roadway dements are datisticaly independent (7=0);

w; =  weight placed on predicted accident frequency when accident frequencies for
different roadway elements are perfectly corrdated (fi=1);

=  expected accident frequency based on the assumption that different roadway

elements are datigticaly independent (fi=0);

E,=  expected accident frequency based on the assumption that different roadway
elements are perfectly corrdated (ii=1);

E.=  expected accident frequency for an anadys's unit made up of two or more roadway
segments or intersections;

k.= overdigperson parameter for roadway segments (andogoudy, a subscript of i1
represents three-leg STOP-controlled intersections, i2 represents four-leg STOP-
controlled intersections, and i3 represents four-leg Sgndized intersections);

N,= predicted totd number of accidentsfor dl roadway segments within the EB andlys's
unit (andlogous for subscriptsil, i2, and i3);

O,= observed totd number of accidents for al roadway segments within the EB andysis
unit (andogous for subscriptsil, i2, and i3).

Example Application of the EB Procedure

The following discusson presents a numerical example to illugtrate the gpplication of the EB
procedure. The example shows the application of the EB procedure to combine predicted
accident frequencies for the period from 1989 through 1997 for roadway segments and
intersections within a project Site with the observed site-specific accident history for that sametime
period. The combined estimates of accident frequency resulting from application of the EB
procedure represent an unbiased estimate of safety conditions during the period prior to
congtruction of a proposed project at this Site (the “before period”) and can subsequently be used
in esimating the effect on safety of proposed dternative geometric design improvements to this Ste
(the “after” period). The exampleillustrates the EB procedure, but does not illustrate the entire
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accident prediction methodology that incorporates the EB procedure; that methodology is
presented later in this section of the report.

The example addresses two hypothetica roadway segments and one hypothetica intersection.
Roadway ssgment 1 is atwo-lane highway segment 1.6 km (1 mi) in length with an initid ADT of
2,000 veh/day. Over the 9-year period (1989-1997), the ADT varies up and down reaching
2,200 vehv/day in 1997. Roadway segment 2 isalonger 8-km (5-mi) two-lane highway segment
with alower, but faster growing, ADT than segment 1. Intersection 1 isafour-leg STOP-
controlled intersection located on segment 1. The intersection has a minor-road volume that
increases from 500 veh/day in 1989 to 600 veh/day in 1997.

The firgt portion of the example shows the application of the EB procedure to roadway
segment 1. This roadway segment was predicted to experience 4.2 accidents during the 9-year
period (1989-1997), but actualy experienced 6 accidents. Table 24 shows the application of the
EB procedure which determines that the expected accident frequency for the roadway segment,
consdering both the predicted and observed vaues, is 5.2 accidents. Of these, it is expected that
3.3 would be fatal and injury accidents and 1.9 would be property-damage-only accidents.

While the computations in table 24 follow the EB procedure, the table shows that the
predicted fata and injury accident frequency for roadway segment 1 before application of the EB
procedure was 1.4 accidents during the 9-year period. This does not meet the minimum accident
frequency criterion (I/k) of three fatal and injury accidents for roadway segments shown in table 23.
Thus, rather than relying on the results shown in table 24, it would be better to combine roadway
segment 1 with another roadway segment before applying the EB procedure.

Table 25 presents the gpplication of the EB procedure to roadway segment 2 in a manner
analogous to table 24. Roadway segment 2 was predicted to experience 10.3 accidents during the
9-year period, but actually experienced 14 accidents. The table shows that the expected accident
frequency for roadway segment 2, considering both the predicted and observed values, is 13.1
accidents during the 9-year period.

Roadway segment 2 was origindly predicted to experience 3.3 fatal and injury accidents per
year, S0 the minimum accident criterion for gpplication of the EB procedure shown in table 23 is
met. However, because the criterion was not met for roadway segment 1, it would be desirable to
combine roadway segments 1 and 2 into asingle EB anayss unit. Table 26 showsthat if roadway
segments 1 and 2 were combined into a single anadysis unit for gpplication of the EB procedure,
table 26 shows that the expected accident frequency for the combined roadway segment during the
9-year period would be 19 accidents, including 9.8 fatal and injury accidents and 9.2 property-
damage-only accidents. Simple proportions based on the origind predicted accident frequencies
show
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Table24. Application of Empirical Bayes Procedur e to Roadway Segment 1.

Year 89 90 91 92 93 94 95 96 97 Expecteql
Calibration Factor (C) 1.01 1.01 1.01 098 098 098 1.05 1.05 1.05 Expected  Before Period
Before Period Accident
AADT (veh/day) 2,000 1,800 1,800 1,900 2,000 2,100 2,200 2,300 2,200 Sum Accident Frequency
ACCIDENT FREQUENCY (1989 - 1997) (1989-1997)  Weights®  Freguency® (Corrected)
Predicted Total® 0.461 0.415 0.415 0.425 0.447 0.469 0.527 0.551 0.527 4.234 0.432 5.236 5.236
Predicted F+ I° 0.148 0.133 0.133 0.136 0.143 0.151 0.169 0.177 0.169 1.359 0.704 2.735 3.366°
Predicted PDO" 0.313 0.281 0.281 0.288 0.303 0.319 0.358 0.374 0.358 2.875 0.529 1.520 1.871
Observed Total 1 0 1 1 0 0 1 1 1 6
Observed F + | 1 0 1 1 0 0 1 1 1 6
Observed PDO 0 o__0 0 0 0 0 0 0 0
NOTE: F + | = Fatal and injury accidents; PDO = property-damage-only accidents.

& from equation (13).

® based on 32.1 percent fatal and injury accidents and 67.9 percent property-damage-only accidents for roadway segments from table 1.
from equation (33) with k = 0.31 for roadway segments from table 23.

from equation (32).

from equation (40).

f from equation (41).

c
d
e




(o]
8

Table 25. Application of Empirical Bayes Procedur e to Roadway Segment 2.

Year 89 90 91 92 93 94 95 96 97 Expected
Calibration Factor (C) 1.01 101 1.01 098 098 098 1.05 105 1.05 Expected  Before Period
Before Period Accident
AADT (veh/day) 700 600 600 650 900 1,000 1,100 1,200 1,250 sSum Accident Frequency
ACCIDENT FREQUENCY (1989 - 1997) (1989-1997) Weights ¢  Frequency® (Corrected)
Predicted Total? 0.891 0.764 0.764 0.803 1.111 1.235 1.455 1.588 1.654 10.263 0.239 13.106 13.106
Predicted F+ IP 0.286 0.245 0.245 0.258 0.357 0.396 0.467 0.510 0.531 3.295 0.495 4.662 4.953¢
Predicted PDO® 0.605 0.518 0.518 0.545 0.755 0.838 0.988 1.078 1.123 6.969 0.316 7.674 8.153'
Observed Total 3 1 0 1 2 1 4 1 1 14
Observed F + | 1 1 0 0 1 1 1 1 0 6
Observed P_DO 2 0 _O 1 1 0 3 0 1 8
NOTE: F + | = Fatal and injury accidents; PDO = property-damage-only accidents.

& from equation (13).
b

based on 32.1 percent fatal and injury accidents and 67.9 percent property-damage-only accidents for roadway segments from table 1.
from equation (33) with k = 0.31 for roadway segments from table 23.
from equation (32).

from equation (40).
f from equation (41).
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Table 26. Application of Empirical Bayes Procedur e to Roadway Segments 1 and 2 Combined.

Year 89 90 91 92 93 94 95 96 97 Expected BeEéPeegt:r?od

Calibration Factor (C,) 1.01 1.01 1.01 0.98 0.98 098 1.05 1.05 1.05 Before Period  Accident
Sum Accident Frequency

ACCIDENT FREQUENCY (1989 - 1997) (1989-1997)  Weights® Frequency® (Corrected)

Predicted Total (Seg 1)* 0.461 0.415 0.415 0.425 0.447 0.469 0.527 0.551 0.527

Predicted Total (Seg 2)? 0.891 0.764 0.764 0.803 1.111 1.235 1.455 1.588 1.654

Predicted Total (Combined) 1.351 1.178 1.178 1.227 1.558 1.704 1.982 2.138 2.180 14.498 0.182 18.998 18.998

Predicted F+ | (Combined)®  0.434 0.378 0.378 0.394 0.500 0.547 0.636 0.686 0.700 4.654 0.409 8.992 9.792¢°

Predicted PDO (Combined)® 0.918 0.800 0.800 0.833 1.058 1.157 1.346 1.452 1.481 9.844 0.247 8.455 9.207

Observed Total (Combined) 4 1 1 2 2 1 5 2 2 20

Observed F + | (Combined) 2 1 1 1 1 1 2 2 1 12

Observed PDO (Combined) 2 0 0 1 1 0 3 0 1 8

NOTE: F + | = Fatal and injury accidents; PDO = property-damage-only accidents.

& from equation (13).

from equation (32).
from equation (40).
f from equation (41).

® o o T

based on 32.1 percent fatal and injury accidents and 67.9 percent property-damage-only accidents for roadway segments from table 1.
from equation (33) with k = 0.31 for roadway segments from table 23.




that roadway segment 1 would be expected to experience 5.5 accidents during the 9-year period
(including 2.9 fatd and injury accidents and 2.6 property-damage-only accidents) and roadway
segment 2 would be expected to experience 13.5 accidents (including 6.9 fatal and injury
accidents and 6.6 property-damage-only accidents). The procedure for performing this
proportiona alocation is described below in step 10 of the methodology incorporating the EB
procedure.

Table 27 illudtrates the gpplication of the EB procedure to afour-leg STOP-controlled
Intersection, designated as intersection 1. The intersection was predicted by the accident
prediction agorithm to experience 3.9 accidentsin 9 years, but actualy experienced 3 accidents.
The table shows that the expected accident frequency for the 9-year period, combining both
predicted and observed vaues, is 3.4 accidents, including 1.4 fatd and injury accidents and 2.0
property-damage-only accidents. However, table 27 also shows that the origind predicted fata
and injury accident frequency for the intersection is 1.2 accidents, which isless than the minimum
accident frequency criterion (I/k) shown in table 23 as 4 accidents for afour-leg STOP-
controlled intersection. Therefore, it would be desirable to combine intersection 1 into alarger
andysis unit with another intersection for gpplication of the EB procedure. Since there are no
other intersections available, intersection 1 should be combined into an analyss unit with roadway
sections 1 and 2. Combining intersections with roadways sections is less desirable than
combining them with other intersections, but is dtill acceptable.

Table 28 illudtrates the application of the EB procedure to the combined data for an entire
project consisting of roadway segments 1 and 2 and intersection 1. Thetable
indicates that the expected accident frequency for the entire project for a 9-year period is 21.0
accidentsincluding 9.9 fatdl and injury accidents and 11.1 property-damage-only accidents. This
estimate uses computation based on equations (32) through (36) because roadway segments and
four-leg STOP-controlled intersections have base models with different overdispersion
parameters (0.31 and 0.24, respectively). Using proportiona alocation back to the origina
roadway segments and intersections, roadway segment 1 would be expected to experience 4.8
accidentsin the 9-year period (including 2.2 fatal and injury accidents and 2.5 property-damage-
only accidents), roadway segment 2 would be expected to experience 11.8 accidents (including
5.5 fatal and injury accidents and 6.3 property-damage-only accidents), and intersection 1 would
experience 4.4 accidents (including 2.2 fata and injury accidents and 2.3 accidents). The
procedure for performing this proportiond alocation is described below in step 10 of the
methodol ogy incorporating the EB procedure.

As noted above, this example illustrates the use of the EB procedure in estimating expected
accident frequencies for conditionsin the period before congtruction of an improvement at the Site
in question. The procedure described in step 11 of the methodology presented below illustrates
how the results obtained in the example can be used in estimating the expected future (“ after”
period) accident frequencies for one or more aternative geometric design improvements.
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Table 27. Application of Empirical Bayes Procedureto Intersection 1 (Four-Leg STOP-Controlled I ntersection).

Year 89 90 91 92 93 94 95 96 97

Calibration Factor(C)) 1.03 1.03 1.03 0.96 096 0.96 104 1.04 1.04 Expected
Major-Road AADT (veh/day) 2,000 1,800 1,800 1,900 2,000 2,100 2,200 2,300 2,200 Bef;‘f:;tsgod Be/ffgg:eer:t“’d
Minor-Road AADT (veh/day) 500 550 550 530 550 580 600 620 600 sum Accident Frequency
ACCIDENT FREQUENCY (1989 - 1997) (1989-1997) Weights® Frequency® (Corrected)
Predicted Total® 0.402 0.400 0.400 0.377 0.398 0.423 0.481 0.504 0.481  3.866 0.519 3.449 3.449
Predicted F+ P 0.129 0.129 0.129 0.121 0.128 0.136 0.154 0.162 0.154  1.241 0.771 1.415 1.431°
Predicted PDO" 0.273 0.272 0.272 0.256 0.270 0.287 0.327 0.342 0.327  2.625 0.613 1.997 2.019f
Observed Total 0 0 1 0 0 1 0 0 1 3

Observed F + | 0 0 1 0 0 0 0 0 1 2

Observed PDO 0 0 0 0 0 1 0 0 0 1

NOTE. F + | = Fatal and injury accidents; PDO = property-damage-only accidents.

& from equation (13).

® based on 41.7 percent fatal and injury accidents and 58.3 percent property-damage-only accidents for four-leg STOP-controlled intersections
from table 1.

¢ from equation (33) with k = 0.24 for four-leg STOP-controlled intersections from table 23.

4 from equation (32).

¢ from equation (40).

' from equation (41).



Table 28. Application of Empirical Bayes Procedureto Roadway Segments 1 and 2 and I ntersection 1 Combined.

Eég?g:gd Expected  Expected
Year 89 9 91 92 93 94 95 96 97 Azgiréogm Eg%rg Eﬁﬁgg Belfzé(r%egt:r?od
_ Freqyency _ Accident Accident Accident
Sum Weight Weight' Frequency? Frequency" Frequency
ACCIDENT FREQUENCY (1989 - 1997) (1989-1997) w, E W E, (Corrected)
Predicted Total (Seg 1)? 0.461 0.415 0.415 0.425 0.447 0.469 0.527 0.551 0.527 4.234
Predicted Total (Seg 2)? 0.891 0.764 0.764 0.803 1.111 1.235 1.455 1.588 1.654 10.263
Predicted Total (Int 1)° 0.402 0.400 0.400 0.377 0.398 0.423 0.481 0.504 0.481 3.866
Predicted Total (Combined) 1.754 1578 1578 1.604 1.956 2.127 2.463 2.642 2.611 18.364 0.211 22.023 0.648 19.995 21.009 21.009
Predicted F+ | (Seg 1)° 0.148 0.133 0.133 0.136 0.143 0.151 0.169 0.177 0.169 1.359
Predicted F+ | (Seg 2)° 0.286 0.245 0.245 0.258 0.357 0.396 0.467 0.510 0.531 3.295
Predicted F + | (Int 1)° 0.129 0.129 0.129 0.121 0.128 0.136 0.154 0.162 0.154 1.241
Predicted F+ | (Combined) 0.563 0.507 0.507 0.515 0.628 0.683 0.791 0.848 0.854 5895 0.454 10.319 0.648 8.746 9.532 9.940'
Predicted PDO (Seg 1)¢ 0.313 0.281 0.281 0.288 0.303 0.319 0.358 0.374 0.358 2.875
Predicted PDO (Seg 2)¢ 0.605 0.518 0.518 0.545 0.755 0.838 0.988 1.078 1.123 6.969
Predicted PDOI (Int 1)° 0.273 0.272 0.272 0.256 0.270 0.287 0.327 0.342 0.327 2.625
Predicted PDO (Combined) 1.191 1.072 1.072 1.089 1.328 1.444 1.672 1.794 1.807 12.469 0.282 9.979 0.648 11.249 10.614 11.068
38 Dbserved Total (Combined) 4 1 2 2 2 2 5 2 3 23
Dbserved F + | (Combined) 2 1 2 1 1 1 2 2 2 14
Dbserved PDO (Combined) 2 0 0 1 1 1 3 0 1 9
NOTE: F + | = Fatal and injury accidents; PDO = property-damage-only accidents.

a from equation (13).
b from equation (14).

¢ based on 32.1 percent fatal and injury accidents and 67.9 percent property-damage-only accidents for roadway segments and 41.7 percent fatal and injury accidents and

58.3 percent property-damage-only accidents from four-leg STOP-controlled intersections from table 1.
4 from equation (34).
¢ from equation (35).
' from equation (36).

9 from equation (37).
" from equation (38).
i from equation (40).
I from equation (41).




Step-by-Step Methodology for Applying the Accident
Prediction Algorithm Including the EB Procedure

The accident prediction agorithm including the EB procedure, like the agorithm presented
that does not include the EB procedure, is intended to estimate the expected accident frequency
for any specified geometric design dternative for a two-lane highway project and for any
specified evauation period. The specified geometric design dterndtive to which the dgorithm is
gpplied can be ether the existing roadway (i.e., the “do-nothing” or “basdineg’ dternative) or a
proposed geometric design improvement. For any given geometric aternative, the algorithm
incorporates congderation of actual reported accident frequencies for the existing roadway for a
previous time period designated as the “before” period. The accident data for this same before
period can be used in evaluating the expected safety performance of one or more proposed
geometric dternatives for the same project. The algorithm is employed separately to each
dternative for the same evauation period, and the results for these various dternatives are then
compared. The accident prediction agorithm including the EB procedure is gpplied to any
specified geometric dternative for any specified evauation period in 12 seps asfollows:

*  Sep 1—Define the limits of the project and determine the geometrics of the project
during the previous period for which observed accident history data are available (the
before period) and for the future period for which the expected safety performance of
the project isto be predicted (the after period).

*  Step 2—Dividethe project into individua homogeneous roadway segments and
intersections

*  Step 3—Determine the geometric design and traffic control features for each individua
roadway segment and intersection for both the existing and proposed roadway.

*  Step 4—Determine the ADTsfor each roadway segment and the mgor- and minor-
road ADTs for each intersection during each year of the before period for which
observed accident history data are available and for each year of the after period for
which the expected safety performanceisto be predicted.

o Step 5—Apply the accident prediction agorithm to each of the individua roadway
segments and intersections that make up the existing roadway.

*  Step 6—Aggregate roadway segments to join together complete horizontal curve and
tangent sections.

*  Step 7—Determine the observed accident history during the before period for each of
the aggregated roadway segments from step 6 and for each intersection. If accident
locations are not available in sufficient detail to identify the individua accident hitory for
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each aggregated roadway segment and each intersection, aggregate roadway segments
and/or intersections further, as necessary, until EB andlys's units are obtained for which
observed accident frequencies can be determined.

*  Step 8—Aggregate roadway segments and/or intersection further, if necessary, into
larger EB andlydis units to ensure aminimum accident sample sze for each andysis unit.

*  Step 9—For each EB andysis unit, asjoined in step 8, apply the EB procedure by
computing the expected accident frequency for the before period as aweighted average
of the predicted and observed accident frequencies.

*  Step 10—For each EB analysis unit, disaggregate the expected total accident
experience during the before period back to the origina roadway segments and
intersections identified in step 2.

o Step 11—Apply ADT growth factors and/or AMFs for geometric changes to convert
the expected accident frequency for the before period to an expected accident
frequency for the proposed project during the specified future time period.

o Step 12—Summarize and present the predictionsin useful formets for the IHSDM
USer.

Figure 6 presents aflow chart illustrating the steps in the accident prediction dgorithm
incorporating consideration of site-specific accident hitory data. These steps are described
below in greeter detall.

Sep 1—Define the limits of the project and determine the geometrics of the project during
the previous period for which observed accident history data are available (the before
period) and for the future period for which the expected safety performance of the project
Isto be predicted (the after period).

The geometric design features of the project and the traffic control a each intersection must
be documented both before-and-after the planned improvement. The geometrics of the existing
roadway, which were in place during the before period, are determined from either a plan of the
exiging roadway available in the CAD system or from data entered by the user. If CAD data
areto be used, a program must be devel oped to interrogate the CAD file, determine the
geometrics of the project, and store those geometric datain aformat that can be used by the
IHSDM. The same sort of data must be obtained for the proposed improvement which, if
congtructed, will bein place during the after period whose safety performance isto be estimated.
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Step 1

Define project limits

Step 2 l

Divide project into roadway
segments and intersections

Step3 l
Determine geometric
design and traffic control
data for roadway
segments
and intersections

Step 4

Determine ADTs for
roadway segments
and intersections

Step 5 l

Apply accident prediction
algorithm to each roadway
segment and intersection
on the existing roadway

Step 6 l

Aggregate roadway segments
to join together complete
horizontal curves and tangents

Step 7 l

Determine the actual site-specific|
accident history for the existing
roadway for each roadway
segment and intersection

tep 8 ¢

Aggregate roadway
segments and intersections
further as necessary

Step 9 l
Apply EB procedure
Step 10 J

Disaggregate results to
original roadway segments
and intersections

Step 11 J

Apply ADT growth factors
and AMFs for differences
in geometrics between
the existing and
proposed roadways

Step 12 ‘l

Summarize and present final
predicted values to user

Figure6. Flow Diagram of the Accident Prediction Algorithm When Site-Specific
Accident History Data Are Available.
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Sep 2—Divide the project into individual homogeneous roadway segments and
inter sections

The next sep isto divide the project into individual homogeneous roadway segments and
intersections. The roadway must be divided into homogeneous segments. A new homogeneous
segment begins a each intersection where the vaue of one of the following variables changes:

*  Aveagedaly traffic volume (veh/day).
e Lanewidth.

»  Shoulder width.

*  Shoulder type.

»  Driveway dengty (driveways per mile).
* Roadsde hazard rating.

Also, anew analyss section garts at any of the following locations:

* Intersection.

*  Beginning or end of a horizonta curve.

* Point of verticd intersection (PVI) for acrest vertical curve, asag vertical curve, or an
angle point at which two different roadway grades mest.

*  Beginning or end of a passing lane or short four-lane section provided for the purpose
of increasing passing opportunities.

*  Beginning or end of a center two-way left-turn lane.

This segmentation process is gpplied to both the existing (before period) roadway and the
proposed (after period) roadway. Each station that represents a division point for either the
existing or proposed roadway must be used as the beginning point of anew segment for purposes
of theanalysis. In addition, each intersection is treated as a separate entity for analyss.

Sep 3—Determine the geometric design and traffic control features for each individual
roadway segment and intersection for both the existing and proposed roadway.

For each roadway segment, the following geometric and traffic control festures must be
quantified for both the existing and proposed roadways.

*  Length of segment (mi).

* ADT (vehday).

* Lanewidth (ft).

*  Shoulder width (ft).

e Shoulder type (paved/gravel/composite/turf).

*  Presence or absence of horizonta curve (curve/tangent).
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Length of horizontal curve (mi), if the segment islocated on a curve. [This represents
the total length of the horizonta curve, even if the curve extends beyond the limits of the
roadway segment being anayzed.]

Radius of horizontd curve (ft), if the segment islocated on a curve.

Presence or absence of spird trangtion curve, if the segment is located on a curve.
[This represents the presence or absence of aspira trangtion curve at the beginning
and end of the horizontal curve, even if the beginning and/or end of the horizonta curve
are beyond the limits of the segment being andyzed]

Superelevation of horizonta curve, if the segment is located on a horizontd curve.
Grade (percent), consdering each grade as a straight grade from PVI to PV (i.e,
ignoring the presence of vertical curves).

Driveway dendty (driveways per mi).

Presence or absence of a passing lane to increase passing opportunities.

Presence or absence of a short four-lane section to increase passing opportunities.
Presence or absence of atwo-way |eft-turn lane.

Roadsde hazard rating.

For each intersection, the following geometric and traffic control features must be quantified for
both the existing and proposed roadway's.

Number of intersection legs (3 or 4).

Type of traffic control (minor-road STOP, al-way STOP, minor-road YIELD contral,
or sgnd).

I ntersection skew angle (degrees departure from 90 degrees, with a+ or - sign
indicating the direction of the departure).

Number of mgor-road approaches with intersection left-turn lanes (0, 1, or 2).
Number of mgor-road approaches with intersection right-turn lanes (0, 1, or 2).
Number of intersection quadrants with deficient intersection sight distance (0, 1, 2, 3, or
4).

The vaues of these geometric and traffic control parameters for roadway segments and
intersections, for both the existing and proposed designs, will be determined from the CAD
system, from exigting data files for those designs, or from data supplied by the user.

Sep 4—Determine the ADTs for each roadway segment and the major- and minor-road
ADTs for each intersection during each year of the before period for which observed
accident history data are available and for each year of the after period for which the
expected safety performanceisto be predicted.

For each roadway segment and for the maor- and minor-road approaches to each
intersection, ADT data are needed for each year of the before-and-after periods. Idedly, these
ADT datawill dready be avalladlein afile or they will be entered by the user. If ADTs are
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avallable for every roadway segment, the mgor-road ADTs for intersection approaches can be
determined without additiona data being supplied by the user. If the ADTs on the two mgor-
road legs of an intersection differ, the average of thetwo ADT vaues should be used for the
intersection. For athree-leg intersection, the user should enter the ADT of the minor-road leg.
For afour-leg intersection, the user should enter the average of the ADTsfor the two minor-road

legs.

In many cases, it is expected that ADT datawill not be available for al years of the before
or after period. In that case, the analyst should interpolate or extrapolate as appropriate to
obtain an estimate of ADT for each year of the evauation period. If the andyst does not do this,
the following default rules are gpplied within the accident prediction agorithm to estimate the
ADTsfor yearsfor which the data are not available. If ADT data are available for only asingle
year of the before period, that same vaue is assumed to gpply to dl years of the before period.
If two or more years of ADT datafor the before period are available, the ADTs for intervening
yearsis computed by interpolation. ADTsfor years before the first year for which dataare
available are assumed to be equa to the ADT for that first year; ADTsfor years after the last
year for which data are available should be assumed to be equd to the last year (i.e, no
extrapolation is used by the dgorithm). The same approach should be used to determine ADT
datafor the after period.

Sep 5—Apply the accident prediction algorithm to each of the individual roadway
segments and inter sections that make up the existing roadway.

The accident prediction dgorithm should be gpplied to each individua roadway segment and
intersection that makes up the exigting roadway. This step is equivaent to steps 5 through 12 of
the dgorithm applied when site-specific accident data are not available, as presented earlier in
this section of the report. The accident prediction agorithm is applied to roadway segments
using equation (13), which incorporates the base mode in equation (6), the cdibration factor for
roadway segments, and the roadway segment AMFs. The accident prediction agorithm for
Intersections is gpplied using equation (14), which incorporates the base models in equations (8),
(10), or (12), depending on the type of intersection being eva uated, the calibration factor for
intersections, and the intersection AMFs. The accident prediction algorithm is applied to each
roadway segment or intersection individually for each year of the before period, using the
gppropriate ADT(s) for that year, and the results for that segment or intersection are summed
over al the yearsto obtain atotal predicted accident frequency for the before period. Thetotal
predicted accident frequency is alocated to two severity levels (fatd or injury accidents and
PDO accidents) based on default proportions from table 1 in the main text of this report.

The predicted accident frequencies obtained from this process are designated N, for a

roadway segment, N;; for athree-leg STOP-controlled intersection, N;, for afour-leg STOP-
controlled intersection, and N;; for afour-leg signalized intersection. Each of these predicted
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frequencies has associated with it predicted frequencies by severity leve that sum to the
predicted total accident frequency.

Sep 6—Aggregate roadway segments to join together complete horizontal curve and
tangent sections.

The individua roadway segments are often so short, and have so few predicted and
observed accidents, that it would not be meaningful to apply the EB procedure to each individua
roadway segment. Therefore, aggregation of short roadway segmentsinto longer segments,
which will be cdled EB analysis units is desirable.

The firgt stage of this processisto joint together complete horizonta curve and tangent
sections of roadway. Proceed in geographical order from one end of the project (e.g., in order
of increasing centerline gations) and join roadway segments together leaving breaks between
segments only &t the following locations:

* Intersections.

*  Other points a which the ADT changes by 20 percent or more.

»  Beginnings and ends of horizonta curves.

*  Beginnings and ends of grades of 5 percent or more that fall with a tangent roadway
section.

*  Beginnings and ends of passing lanes

*  Beginnings and ends of short, four-lane sections.

*  Beginnings and ends of two-way left-turn lanes.

As the segments are aggregated, their predicted accident frequencies (tota and for each severity
level) should be added together.

Step 6 dedls only with the aggregation of roadway segments. For the present, each
individud intersection serves as a separate EB analyss unit.

Sep 7—Determine the observed accident history during the before period for each of the
aggregated roadway segments from step 6 and for each intersection. If accident locations
are not available in sufficient detail to identify the individual accident history for each
aggregated roadway section and each inter section, aggregate roadway sections and/or
intersections further, as necessary, until EB analysis units are obtained for which observed
accident frequencies can be determined.

The observed accident history for the before period is obtained from one of two sources: (1)
an available accident data file available that can be queried on-line; or (2) key entry of accident
daafor individuad EB andyss unitsby the IHSDM user. If an accident higtory fileis used, the
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user will have supply data on the correspondence between the accident location system used in
thefile (eg., mileposts) and the stationing system used for the project. This can consst, for
example, of the milepost corresponding to the end of the project with the lowest station and an
indication of whether mileposts and stations increase in the same direction or in opposite
directions. Then, the accident prediction agorithm can calculate the milepost limits of each
aggregated roadway segment and the milepost of each intersection and retrieve accident data for
each. Intersection-related accidents with 76 m (250 ft) of the intersection should be attributed to
that intersection. Non-intersection-related accidents and intersection-related accidents that are
located more than 76 m (250 ft) from an intersection should be attributed to the roadway
segment within which the accident fdls. It should be noted that there are very few intersection-
related accidents more than 76 m (250 ft) from an intersection on rura two-lane highways.

I ntersection-rel ated and non-intersection-related accidents can be distinguished in accident data
from mogt states by the investigating officer’ s assessment of whether a given accident was
intersection related. The available accident file should be used to determine both total observed
accidents and accidents by severity leve.

If no accident file is available, the accident prediction agorithm will prompt the user to
supply total accidents and accidents by severity leve for each roadway segment (identified by a
range of centerline stations) and each intersection (identified by station and, if possible, by the
name of the intersecting minor road). For alarge project, this data entry may be tedious, so it
will be advantageous to have a accident file whenever possible.

If accident locations are not available in sufficient detall to identify the individua accident
history for each aggregated roadway section and each intersection, it will be necessary to
aggregate roadway sections and/or intersections further, as necessary, until EB andysis units are
obtained for which observed accident frequencies can be determined. The IHSDM user will be
asked to identify Stuationsin which further aggregation is necessary because of limitationsin the
availability or precison of accident locations. Roadway segments and intersections and
intersections of different types can be joined together, if necessary, if the accident histories of
roadway segments and intersections, or the accident histories of closely-spaced intersections,
cannot be digtinguished. If the available accident data consst only of totds at the project levd,
then the entire project can be aggregated into one EB analyss unit, dthough this should be done

only if necessary.

The observed accident frequencies for the before period for a given andyss unit are
designated O for aroadway segment, O,; for athree-leg STOP-controlled intersection, O, for
afour-leg STOP-controlled intersection, and O;5 for afour-leg sgndized intersection. Each of
these observed frequencies has associated with it observed frequencies by severity level that sum
to the observed totd accident frequency.

Sep 8—Aggregate roadway segments and/or intersection further, if necessary, into larger
EB analysis units to ensure a minimum accident sample size for each analysis unit.
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It isdesrable for an EB andydis unit (i.e., an aggregated roadway segment, an intersection
or intersections of a specific type, a combination of roadway segments and intersections, or a
combination of intersections of different types) to have a least a minimum number of predicted
accidents for the EB procedure to be applied asintended. An individua roadway segment or
Intersection can condtitute an EB andysis unit (i.e.,, can be evduated by itsdf in the EB
procedure) if observed accident history data are available for the analyss unit and the accident
frequency predicted by the model for the before period isequd to at least 1/k, where k isthe
overdisperson parameter of the relevant base modd. Table 23 shows the desirable minimum
numbers of predicted accidents for application of the EB procedure to roadway segments and
each type of intersection.

The predicted injury accident frequencies for EB andyss units after any further aggregation
in step 7 should be reviewed to determine if there are any andysis units for which the predicted
injury accident frequency islessthan 1/k, based on table 23. If roadway segments and
intersections or intersections of different types are mixed together, use the vadue of largest
appropriate value of 1/k from table 23 for purposes of step 8 (a more sophisticated procedure
for dedling with disparate k vaueswill be used in gep 9). Any EB andlyss unit for which the
predicted accident frequency islessthan 1/k isacandidate for further aggregation.

Since, an EB anaysis unit can combine roadway segments and intersections of different
types, itstota predicted accident frequency is the sum of the predicted accident frequencies of its
condtituent segments and intersections:

N " Ny % Ny % Nip % Ni (39)
where:
N;; = predicted accident frequency for three-leg STOP-controlled intersections;
N;, = predicted accident frequency for four-leg STOP-controlled intersections; and
N;; = predicted accident frequency for four-leg Sgndized intersections.

Smilarly, the tota observed accident frequency for an EB andysis unit isthe sum of O, O;;, Oy,
and O;.

The aggregation process is conducted as follows:

Step BA—Sdect as candidates for further aggregation dl andys's units conssting exclusvely
of tangent roadway segments with grades less than 5 percent for which the predicted injury
accident frequency islessthan 1k,

Step 8B—For each of the candidate andysis units, compute the ratio of the predicted total
accident frequency to the observed total accident frequency [i.e.,